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COAL: A CLEAN FUTURE 


THURSDAY, APRIL 26, 2007 

U.S. Senate, 

Subcommittee on Energy, 

Natural Resources, and Infrastructure, 

Committee on Finance, 

Washington, DC. 

The hearing was convened, pursuant to notice, at 1:09 p.m., in 
room SD-215, Dirksen Senate Office Building, Hon. Jeff Bingaman 
(chairman of the subcommittee) presiding. 

Present: Senators Kerry, Salazar, Hatch, Thomas, and Bunning. 

OPENING STATEMENT OF HON. JEFF BINGAMAN, A U.S. SEN- 
ATOR FROM NEW MEXICO, CHAIRMAN, SUBCOMMITTEE ON 

ENERGY, NATURAL RESOURCES, AND INFRASTRUCTURE, 

COMMITTEE ON FINANCE 

Senator Bingaman. All right. Thank you all for coming. Why 
don’t we go ahead with the hearing? I am sorry we are starting a 
little late. We were completing a vote over on the Senate floor. 

This is a hearing of this new Finance Committee Subcommittee 
on Energy, Natural Resources, and Infrastructure, and we are very 
much looking forward to testimony on advanced coal technologies. 

As we discuss energy policy and how to best use coal — a natural 
resource we obviously have in abundance — to enhance our energy 
security, it is important that we learn more about the feasibility of 
various advanced clean coal technologies that allow for carbon cap- 
ture and storage and sequestration. 

In our current tax code we have several tax incentives for these 
technologies. There is an investment tax credit for investments in 
advanced coal technologies; there is an accelerated depreciation to 
address capital costs involved with these technologies. 

We hope that we will hear in today’s testimony about the impact 
of those and what else is needed. In particular, I think we asked 
for testimony about clean coal and gasification projects, including 
the newly-announced Wyoming Coal Gasification Project. It is of 
particular interest, of course, to Senator Thomas. It is a private/ 
public partnership formed to develop an Integrated Gasification 
Combined Cycle, or IGCC, power plant, as I understand it. 

Also, we need to know more about the coal-to-liquids prospects, 
also about refined coal production tax credits, and also the cost of 
establishing new facilities, as well as retrofitting existing coal-fired 
electric utilities. 

We’ve got a great group of witnesses here to talk to us about 
these important issues, and obviously figuring out how to effec- 
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tively capture and sequester carbon is going to be essential as we 
deal with greenhouse gas emissions and meeting our energy needs 
in the future. So, thank you all for being here. 

Senator Thomas, go right ahead. 

STATEMENT OF HON. CRAIG THOMAS, 

A U.S. SENATOR FROM WYOMING 

Senator Thomas. Thank you, Mr. Chairman. Thank you for hold- 
ing this hearing. I think it is very important. 

I welcome all the witnesses here. I look forward to your com- 
ments. I especially want to welcome Steve Waddington, the execu- 
tive director of the Wyoming Infrastructure Authority, and we are 
delighted to have you here. 

We are all in an environment where we are concerned about the 
prospects of global climate change, as we should be, and focused on 
the finite fossil fuels resources, and many are focused on alter- 
native sources. I understand that, and I am looking forward to al- 
ternative sources as well. 

But I understand that some of those are a ways off, and what 
we need to do is work on those things that are going to be available 
to us immediately, and are available, that we know how to do, and 
to be able to provide the incentives to move forward to making 
those things available for all of us. 

The renewed technologies are not ready for mass development 
but, by contrast, coal already provides more than 50 percent of our 
country’s electricity. So I think, frankly, coal gets kind of a bad rap. 
We see those full-paged ads with the dirty faces. I have never seen 
quite so many ads in my life. 

In any event, that kind of reinforces the myth that coal nec- 
essarily belches out in harmful amounts. These days we can burn 
coal cleanly to produce electricity, and we can gasify it, liquify it 
into diesel, and we can even turn it into plastic or ethanol. 

So in any event, I am concerned about carbon emissions, of 
course, and actually there are other things that are involved in 
that as well. As humans, we breathe and we emit carbon dioxide 
ourselves, so I hope we do not have to wear a mask here pretty 
soon. 

In any event, there are a lot of economic benefits to coal, and we 
are going to hear today about how we might best use it in an envi- 
ronmentally sound way, and I thank you so much for being here. 

Thank you, Mr. Chairman. 

[The prepared statement of Senator Thomas appears in the ap- 
pendix.] 

Senator Bingaman. Thank you very much. 

We will go from our left to our right across the table here. Our 
first witness is Mr. Steve Waddington, who is the executive director 
of the Wyoming Infrastructure Authority out of Cheyenne. Thank 
you for being here. 

Why don’t you go ahead? If each of you could give us 5 to 6 min- 
utes and describe the main points you think we need to be aware 
of, we will include your full statement in our hearing record, but 
that will give us a chance to ask a few questions. 
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So, Mr. Waddington, why don’t you go ahead? Then we will hear 
from all five of the witnesses before we ask questions. But go right 
ahead. 

STATEMENT OF STEVE WADDINGTON, EXECUTIVE DIRECTOR, 

WYOMING INFRASTRUCTURE AUTHORITY, CHEYENNE, WY 

Mr. Waddington. Thank you, Mr. Chairman, for inviting me to 
appear before you today. 

The Wyoming Infrastructure Authority is an instrumentality of 
the State of Wyoming. Our mission is to diversify and expand the 
State’s economy through improvements in the electric transmission 
grid and by stimulating advanced coal technology development for 
electricity production. 

My testimony today on “Coal: A Clean Future” is based upon two 
equally important premises. The first premise is that the United 
States and other governments will take action to restrict the emis- 
sion of CO 2 and other greenhouse gases. 

The second premise is that coal must, and will, continue to play 
an indispensable role as a source of energy for the United States, 
and the world, in our carbon-constrained future. 

Government has a crucially important and large role to play to 
support commercial-scale emergence of advanced coal technologies, 
including gasification, other technologies that can convert coal to 
energy while capturing CO 2 , and large-scale, permanent sequestra- 
tion. 

Last week, the Wyoming Authority announced a partnership 
with a major electric utility, PacifiCorp, to develop an Integrated 
Gasification Combined Cycle commercial demonstration plant. 

This will be the first of its kind, an IGCC plant designed and 
built to use lower-rank western coals at altitude, to include the 
capture and sequestration of CO 2 , and to operate on a long-term 
commercial basis. 

The Wyoming Authority and PacifiCorp are seeking significant 
Federal financial support, including appropriations for a provision 
of the 2005 Energy Policy Act, section 413, that authorizes Federal 
funding for a western goal gasification commercial demonstration. 
Investment tax credits and other Federal support will also be 
sought for the Wyoming IGCC plan. 

Adequate Federal support for the Wyoming demonstration is but 
a small step in what is needed nationally. While IGCC is, today, 
a leading candidate for electricity production with CO 2 capture, it 
is critically important to demonstrate this and alternative coal com- 
bustion and conversion technologies that also can include capture 
capability. Federal R&D support in this area should be signifi- 
cantly increased. 

The sequestration of CO 2 will be a key enabling technology that 
can reduce emissions significantly and allow coal to continue to 
contribute to the world’s energy needs. Yet, today large-scale geo- 
logical sequestration is, for the most part, a theory, not a commer- 
cial practice. 

What is needed is large-scale demonstration of sequestration in 
multiple geological environments. Here again, continued and in- 
creased Federal R&D support is vitally important. There may also 
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be an appropriate Federal role in indemnifying companies for long- 
term sequestration liability risk. 

Congress should also consider tax incentives to encourage the 
private sector to deploy sequestration. For example, a volumetric 
tax credit for CO 2 that is permanently stored in a geologic forma- 
tion or used for enhanced oil recovery could be a significant mar- 
ket-moving incentive. 

Adequate transmission infrastructure will also be vital for a 
clean future using coal. This is especially true in the west, where 
coal plants can be located at or near mine mouth, producing elec- 
tricity that is shipped by wire to load centers. 

The institutional impediments to adequate transmission invest- 
ment go beyond the scope of this hearing, but suffice it to say that 
many western States recognize this as a profound problem and are 
taking proactive measures to address it. 

In 2004, Wyoming created the Infrastructure Authority with 
tools to catalyze transmission investment, including $1 billion in 
bonding capacity. Today, five additional States have joined Wyo- 
ming, including most recently, Mr. Chairman, New Mexico, and at 
least three additional States are actively considering creating State 
transmission financing authorities. 

These western States want to invest in transmission to facilitate 
energy resource development. Yet, under IRS rules, the bonds for 
these State entities are not exempt from Federal tax. 

I strongly advocate that this subcommittee consider legislation to 
relax the so-called “private use” restriction and allow State trans- 
mission financing entities to issue tax-exempt bonds for interstate 
infrastructure needs. 

This will help to empower States that are trying to make a dif- 
ference, provide an incentive for needed transmission investment, 
and ultimately lower costs to end consumers. 

This concludes my summary statement, Mr. Chairman. I would 
be pleased to answer any questions when the time arrives. Thank 
you very much. 

Senator Bingaman. Well, again, thank you for being here. Thank 
you for your testimony. 

[The prepared statement of Mr. Waddington appears in the ap- 
pendix.] 

Senator Bingaman. Next, is Dr. Nina French. She is the director 
of Clean Coal Combustion for ADA-ES in Littleton, CO. Thank you 
very much for being here. Please go right ahead. 

STATEMENT OF DR. NINA FRENCH, DIRECTOR, 

CLEAN COAL COMBUSTION, ADA-ES, LITTLETON, CO 

Dr. French. Chairman Bingaman and members of the sub- 
committee, it is my privilege to come here today to talk to you 
about clean coal and how Federal support, both in tax incentives 
and technology development, are necessary and effective catalysts 
to stimulate development. 

My name is Dr. Nina French. I am the director of Clean Coal 
Technologies at ADA. We specialize in emissions control from coal- 
fired power plants, and we have over 30 years of experience in 
bringing environmental technologies from concept to commer- 
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cialization, so I can speak firsthand about what it takes to develop 
new ideas in this industry. 

First, everything is big, and the cost of failure is high. I can 
speak personally to that. Second, electricity is a commodity. The 
market for anything new is driven by cost and regulation. Third, 
we have a juggle between regulations and technology, and the tim- 
ing. You cannot endorse regulations without technology, but it is 
hard to invest in technology without regulations. Fourth, each coal- 
fired power plant is different. There is no one-shoe-fits-all solution. 

Yet, we have an opportunity. The United States has more coal 
than any country in the world. We have invested billions of dollars 
in infrastructure and, as a result, we have reliable, inexpensive 
electricity. 

So our challenge is, how do we develop clean coal that will en- 
dure through the next century? We have done a lot already, al- 
though it is small compared to what we still have to do. 

We started with just boilers and turbines, and then in the 1950s 
we developed particulate control emissions. In the 1980s and 
1990s, regulations motivated us to develop sulfur dioxide (SO 2 ) con- 
trol, and nitrogen oxides (NOx) control. 

Now mercury control is available. Twelve States have already 
implemented stringent mercury control. Early on, the industry for 
mercury control was faced with the same technology regulation 
hurdle, but Federal support stepped in and made mercury control 
available for a fraction of predicted costs. 

Federal support has also incentivized refined coal. In response to 
the section 45 tax credit, ADA is developing a pre-combustion 
treatment to burn Powder River basin coal. This tax credit works 
because it is goal-oriented, not technology-specific. 

It also includes a 50-percent market value test that is workable 
with legislative clarification. Through this tax incentive, we can 
provide clean coal technology for smaller, older power plants that 
might not otherwise stay open. 

Our next challenge is carbon. The scale is enormous. Industry 
agrees on two approaches for reducing carbon. The first is effi- 
ciency. If we can increase a coal-fired power plant’s efficiency from 
the current 38 percent to 48 percent, we take 25 percent of the car- 
bon out, that’s 25 percent less carbon that we have to store and se- 
quester. 

Technologies are available for both new plants and existing 
plants to improve efficiency, but there is no incentive to spend the 
extra money. A more efficient plant costs more money, and we need 
to incentivize adding that additional cost. 

The second, longer-term approach that you will hear about from 
the other witnesses is carbon capture and storage. A number of 
promising concepts are available, but they are in their infancy, and 
to develop them will require a massive R&D investment. History 
tells us the timeframe is probably long — 10 to 20 years — but the 
success is likely. 

If we use Federal support to reduce technology risk for coal-fired 
power plants, the commercial market can, and will, leverage these 
solutions across the entire 320,000-megawatt industry. This is an 
incentive, not a subsidy. 
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To accomplish this, we need your leadership. Recognizing the 
magnitude of the CO 2 challenge, we need you to consider the fol- 
lowing: coordinating incentives such as tax credits and technology 
development funding with regulations; second, focusing on environ- 
mental goals, not specific technologies; and third, drafting clear, 
enforceable tax credits. Use industry experts if you need to, to help 
define details such as baselines and improvement metrics, to pur- 
posely design what you want. 

In closing, I believe that, with a wise and diligent plan, we can 
trust coal to be a clean source of electricity, now and in the future. 

Thank you for your attention. 

Senator Bingaman. Thank you very much. We appreciate the ex- 
cellent testimony. 

[The prepared statement of Dr. French appears in the appendix.] 

Senator Bingaman. Next, Mr. John Diesch. Is that the correct 
pronunciation? 

Mr. Diesch. That is correct. 

Senator Bingaman. John Diesch, the president of Rentech En- 
ergy Midwest Corporation in East Dubuque, IL. Thank you for 
being here. 

STATEMENT OF JOHN DIESCH, PRESIDENT, RENTECH 
ENERGY MIDWEST CORPORATION, EAST DUBUQUE, IL 

Mr. Diesch. Thank you. Chairman Bingaman, Senator Thomas. 
My name is John Diesch. I am president of Rentech Energy Mid- 
west, a subsidiary of Rentech. Rentech is a leading U.S. developer 
of FT fuel plants. FT fuels are ultra-clean synthetic diesel and jet 
fuels that can be made from coal, petroleum coke, natural gas, and 
biomass. 

I am here today to request your support to, number one, include 
FT specifically in the investment tax credit; number two, increase 
the tax credit for carbon capture and sequestration; and three, sup- 
port long-term contracting authority for the U.S. military, who 
have expressed great interest in FT fuels. 

You should have a sample of the Fischer Tropsch fuels. Do we 
have that? 

Senator Bingaman. We do. 

Mr. Diesch. All right. If you want to pull the cap off. 

Senator Bingaman. Shall we dab it behind our ears? [Laughter.] 

Mr. Diesch. If it smells like wax, it is because it is a paraffin. 
That is what it is: a paraffin, a wax. 

What is unique about it is, it is better for the environment than 
conventional fuels. It can be used in any diesel engine. Last fall, 
the Air Force flew a B-52 on the jet fuel version of FT. Our fuel 
has major advantages over conventional fuels. FT can be made 
from abundant U.S. sources, cutting our dependence on foreign oil. 

FT runs far cleaner than conventional diesel, cutting regulated 
emissions by up to half. FT is biodegradable and has a shelf life 
up to 10 times longer than conventional diesel, making it ideal for 
strategic and military reserves. 

When manufacturing is optimized to capture and sequester car- 
bon, FT greenhouse gas emissions — that is wells-to-wheels — is less 
than conventional diesel and much better than gasoline. 
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Right now, I manage an ammonia plant in East Dubuque that 
makes fertilizer from natural gas. Most of our fertilizer goes to corn 
farmers in Iowa, Illinois, and Wisconsin. Like most U.S. fertilizer 
plants, we are struggling. 

Let me show you the economics. We use 31,800 million Btus per 
day of natural gas. The U.S. has the highest gas price in the world. 
A simple 10-cent increase adds $1 million per year to our operating 
costs. 

Do you know that over half the nitrogen fertilizer used to grow 
our food in the U.S. is now imported because so many U.S. plants 
have shut down? My plant would have shut down 3 years ago if 
it were not for converting to clean coal technology. 

During that conversion we are also adding an FT fuels plant. 
Why? Because synthesis gas from coal gasification is the building 
block for many products, including FT fuels. We will begin con- 
struction later this year with an investment approaching $1 billion, 
and nearly 1,000 construction workers will be employed at the peak 
of construction. Permanent plant jobs will double. By 2010, we will 
be making fertilizer from coal in East Dubuque. We will also have 
the Nation’s first commercial-scale FT fuels plant. 

Active support from both State and Federal governments is crit- 
ical to jump starting this industry. We were able to move East Du- 
buque forward because of help from Illinois. We had hoped to use 
the provisions of EPAct 2005, including the 48B investment tax 
credit. That program was capped at $350 million, but applications 
totaled $2.7 billion. Unfortunately, that meant a lot of great appli- 
cations like ours got nothing. 

From this, we have two recommendations. First, raise the cap on 
the credit. We strongly recommend a significant increase, at least 
double. Second, clarify that gasification for FT is included. In fact, 
we suggest designating a portion of the tax credit for FT projects. 
Next, fund basic research into promising carbon capture and stor- 
age applications that will benefit industries across the board. 

In East Dubuque, we already capture carbon. We use some to 
make the urea fertilizer that we produce. We also capture more as 
carbon dioxide, CO 2 , which is used for food products. Rentech’s en- 
gineers are working on recycling configurations that maximize the 
capture of CO 2 . 

Our proposed Natchez, MS plant is near oil fields where the CO 2 
will be used for enhanced oil recovery. It would be helpful to sig- 
nificantly increase the 15-percent tax incentives for companies like 
Rentech that are taking the lead on carbon capture and sequestra- 
tion (CCS) and their plant designs. These tax incentives, paired 
with longer military contracting authority, could set the stage for 
rapid development of this industry. 

I invite you to visit us. We are proud of our products, proud of 
our workforce, and proud that we are good neighbors to the Mis- 
sissippi River and the Tri-State region. Thank you very much for 
your time. 

Senator Bingaman. Thank you very much. Thanks for your excel- 
lent testimony. 

[The prepared statement of Mr. Diesch appears in the appendix.] 

Senator Bingaman. Dr. Brian McPherson is next. He is a re- 
search scientist with the Petroleum Recovery Research Center at 
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New Mexico Tech, and also manager of the Carbon Engineering 
Group Energy and Geoscience Institute at the University of Utah. 
Thanks for being here. 

STATEMENT OF DR. BRIAN McPHERSON, RESEARCH SCI- 
ENTIST, PETROLEUM RECOVERY RESEARCH CENTER, NEW 

MEXICO TECH; AND MANAGER, CARBON ENGINEERING 

GROUP ENERGY AND GEOSCIENCE INSTITUTE, UNIVERSITY 

OF UTAH, SALT LAKE CITY, UT 

Dr. McPherson. Thank you. Thank you, Mr. Chairman, Senator 
Thomas, and other members of the committee. Thanks for the op- 
portunity to testify about potential incentives and barriers associ- 
ated with carbon capture and sequestration. 

My name is Brian McPherson, and I specialize in geology, geo- 
physics, and subsurface hydrology. For the past 10 years, I have 
served as a professor of hydrogeology at New Mexico Tech, and for 
the past 3 V 2 years I have served as PI and Director of the South- 
west Regional Partnership on Carbon Sequestration, a consortium 
sponsored by the U.S. Department of Energy, along with six other 
regional partnerships. 

The general premise of geological CO 2 sequestration is to, firstly, 
separate CO 2 from power plant flue gases, then capture that CO 2 
in a separate stream, compress the CO 2 to elevated pressures to 
maximize its density, and then inject the CO 2 into subsurface geo- 
logical formations ranging from 2,500- to 20,000-feet depth, and 
then monitor the fate of that CO 2 . 

Target storage reservoirs are porous and permeable rock layers 
overlain by low-permeability confining layers, and such geologic 
reservoirs contained brine, oil and natural gas for millennia, thus, 
using these reservoirs for storing CO 2 is a very viable concept. 

Target reservoirs are commonly classified by what type of fluid 
they hold, including depleted oil and gas fields, deep unmineable 
coal seams, and deep saline formations. With a robust confining 
layer, sequestration duration can be maximized and risk mini- 
mized. 

With respect to engineering, such CO 2 injection has been done 
for decades in many areas of the U.S., primarily for enhanced oil 
recovery, but also for other purposes. Thus, the engineering and 
technological details are relatively mature. 

At the moment, 25 field geologic sequestration demonstration 
tests are being designed and scheduled for deployment in the 
United States over the coming 3 years. An additional 20 or so are 
scheduled for deployment soon in other countries. Most of these 
tests are using different technologies, including different engineer- 
ing designs, different monitoring approaches, different risk assess- 
ment protocols, and different mitigation strategies. Most of these 
tests are relatively small in scale. Small injection rates compare to 
typical power plant emissions output. The uncertainties associated 
with evaluation and design of large-scale sequestration operations 
are fairly significant. 

For large-scale geologic sequestration to be deployed and sustain- 
able over the long term, a realistic field-based evaluation of uncer- 
tainties and how these uncertainties affect risk assessment and 
mitigation strategies must be carried out. 
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Additionally, the community also needs a meaningful assessment 
of COi-trapping mechanisms and the physical and chemical factors 
that may cause the mechanisms to lose efficacy under realistic field 
conditions. 

Next year, the United States will begin deployment of several 
commercial-scale deployment demonstrations. These will sequester 
up to one million tons of CO2 per year, the scale of a typical power 
plant. 

The duration of these tests is 5 or more years. These tests will 
provide a good deal of the data required to maximize storage capac- 
ity and minimize uncertainty associated with commercial-scale se- 
questration, but not all of it. 

Therefore, I suggest that incentives may be needed to provide the 
huge amount of data needed to ensure that commercial sequestra- 
tion is robust and safe. Furthermore, I suggest that new incentives 
are needed to motivate industry to take on commercial sequestra- 
tion as a routine part of business. 

I list these suggestions here. First, I recommend incentives that 
will stimulate sequestration operations, with some assigned greater 
priority than others. Specifically, I suggest that the greatest pri- 
ority incentives be assigned to deep saline formations underlying 
oil and gas fields to maximize relevant characterization data avail- 
ability and the monitoring opportunities. 

Next in the priority list would be deep saline formations not un- 
derlying oil and gas fields. Finally, the priority list and incentive 
ranking should include CO2 injection in oil and gas reservoirs, with 
maximized sequestration and minimized CO2 recycling. 

Next, I recommend incentives that will assist with providing 
data necessary for liability risk and capacity assessments and other 
factors associated with sequestration. Specifically, oil and gas and 
other private entities hold a huge amount of data privately, and 
these data are essential to providing robust assessments of capacity 
and risk. 

The doe’s regional partnerships, in collaboration with State Ge- 
ological Surveys and the USGS are gathering a great deal of data 
and assembling them for public use in the form of NATCARB, a 
national carbon sequestration database. 

If added, privately held data would likely more than double the 
size of that database, and as well would double our ability to assess 
capacity and risks of sequestration. 

Next, I recommend that areas of the country that lack CO2 pipe- 
line infrastructure be provided incentives for building such pipe- 
lines. For commercial-scale sequestration to move forward, infra- 
structure will be necessary. 

I recommend incentives for State, Federal, or privately sponsored 
indemnification. The States of Illinois and Texas assembled com- 
prehensive indemnification plans for FutureGen, and these plans 
may serve as a template for future liability associated with com- 
mercial sequestration. 

Lastly, the U.S. lacks a fully resolved regulatory framework. Any 
planned incentives for sequestration and enhanced oil recovery 
should factor in the evolving regulatory framework being developed 
by the EPA, the Interstate Oil and Gas Compact Commission, the 
regional partnerships, and individual States. 



10 


Thanks again for this opportunity to speak to you today. I look 
forward to any questions that you may have. 

Senator Bingaman. Thank you very much for your good testi- 
mony. 

[The prepared statement of Dr. McPherson appears in the appen- 
dix.] 

Senator Bingaman. Mr. Bill Townsend is our final witness. He 
is the CEO of Blue Source out of Holladay, UT. Thank you for com- 
ing. 

STATEMENT OF BILL TOWNSEND, CEO, BLUE SOURCE, 
HOLLADAY, UT 

Mr. Townsend. Mr. Chairman and members of the committee, 
thank you for the opportunity to appear before you today on the 
subject of carbon capture and storage as it relates to clean energy 
from coal and on the topic of potential incentives related to accel- 
erating the development of carbon infrastructure. 

My name is Bill Townsend. I am the chief executive officer and 
co-founder of the Blue Source companies. This topic is near and 
dear to my heart because, for the last 10 years, we have been de- 
veloping companies specifically around carbon capture and storage 
long before it became the topic of the day. 

Blue Source operates at the intersection of energy and climate 
change. Our companies and the management team they represent 
are in the unique position of having developed, designed, con- 
structed, operated, and owned, in one form or another, all of the 
commercially-developed anthropogenic CO 2 pipeline systems for en- 
hanced oil recovery in North America for the last 20 years. 

In addition to developing anthropogenic CO 2 pipelines. Blue 
Source is the leading portfolio of greenhouse gas, or ghg, emission 
reductions. Our company has ghg offsets on public registries 
throughout North America, sourced from 11 different types of 
projects in 45 of the lower 48 States. With offset sourcing agree- 
ments through 2019, we are the largest ghg pool of this type in the 
world. 

In the case of carbon capture and geologic sequestration. Blue 
Source has led in the development of carbon market protocols and 
sold, with one minor exception, 100 percent of the greenhouse gas 
emission reductions marketed from geologic sequestration. 

The most recent example of our leadership in this area is as a 
steering committee member of the global voluntary carbon stand- 
ard, which will be bringing quality assurance for buyers of offsets. 

Today, Blue Source is in various stages of evaluating and devel- 
oping 13 different vent stack-sourced CO 2 pipelines in North Amer- 
ica. Over the past 10 years, the company and its affiliates have 
evaluated close to 100 such projects. 

The primary reason only 5 percent of the projects that we have 
evaluated during the last 10 years has gone to construction phase 
is because, even with enhanced oil recovery efforts or oil-related 
revenues, the projects typically still yield a lower-than-accepted in- 
vestment return. 

Though higher crude oil prices in recent years have certainly 
helped that, a case in point is our La Veta CO 2 pipeline. For the 
last 5 years there were no sound economics to construct it, but with 
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recent improvements in crude oil values and expected carbon offset 
sales, in 2006 we completed construction, and we expect to flow 
CO 2 on June 1 of this year. We have been venting CO 2 . 

As I describe in my written testimony, if Blue Source could have 
found additional financial incentives as small as 60 cents per MCF, 
or $10 a metric ton, we would have likely constructed another 15 
projects with new carbon dioxide infrastructure of about 400 miles. 

From our operating history and knowledge of CCS and building 
carbon infrastructure, we have a view of how to bridge the gap be- 
tween the timing of current and expected CCS technology and the 
current and expected sources of vent stack CO 2 from power plants 
and other industries. 

We believe the answer of managing the gap is a step process. 
First, over the next 5 years, financial incentives and regulatory in- 
fluence should be used to accelerate CCS for CO 2 from non-power 
generation industries. This would primarily be ethanol, natural 
gas, refining, and fertilizer production. 

Second, over the next 3 to 10 years, financial incentives and reg- 
ulatory efforts would be directed towards CO 2 produced from the 
power generation sector for enhanced oil recovery. 

Finally, we should immediately direct efforts to minimizing the 
potential regulatory and commercial barriers in developing CCS, 
including efforts to label CO 2 as a hazardous product and manage 
it as such. 

It is clear that the long-term answer to single-point industrial 
CO 2 emissions, like power plant generation, is capture and storage 
in saline aquifers, not enhanced oil recovery. 

That being said, there is a very strong, cost-effective interim an- 
swer for the next 10 years that employs the oil-based revenues and 
enhanced oil recovery to subsidize the infrastructure build-out and 
prepare the foundation for a carbon highway for the next genera- 
tion of cost-effective carbon capture and power generation. 

Today there exists 3,500 miles of CO 2 pipelines in North America 
that transport CO 2 to FOR sinks that were built on the back of oil 
revenues. Though originally built for underground sources of CO 2 , 
today these pipelines carry both underground and vent stack CO 2 
built from our projects. 

We estimate that an additional 2,000 miles of anthropogenic CO 2 
pipelines will be developed over the next 5 to 7 years in the U.S. 
by providing $10 per metric ton incentives, so long as crude oil 
prices stay reasonably at your current levels. 

New power plant construction with IGCC or superamine-type 
retrofits, when combined with enhanced oil recovery projects, mate- 
rially lowers the cost of capture. We estimate that, with incentives 
of $20 a metric ton, about 2,500 miles of CO 2 infrastructure would 
be added to the existing 3,500 miles over the next 10 years. 

Our company and its affiliates have sold offsets from geologic se- 
questration since 1996 and we have heard about every reason why 
CCS-based offsets should or should not be included in a carbon off- 
set trading program. 

Accelerating the market acceptance that CCS is a valid ghg emis- 
sion reduction is a direct benefit to further development of carbon 
infrastructure. Congress, citing geologic sequestration with or with- 
out enhanced oil recovery as an official part of its plan to manage 
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the country’s carbon footprint, would send a clear signal to vol- 
untary and evolving State regulatory markets that value needs to 
be given to transactions of this type. 

Clearly, the best long-term answers for CCS in the U.S. involve 
assessing saline aquifers, developing cost-effective separation tech- 
nologies, and then bridging that gap with economic and financial 
structures. 

That being said, we believe there are very meaningful steps that 
can be taken today and over the next 10 years that will bri%e the 
gap significantly. In fact, the gap is bridged in much the same way 
that the 3,500 miles of existing CO 2 structure has been developed 
over the last years, relying on oil-related revenues and only accel- 
erating that with regulatory incentives and forces. 

This concludes my verbal testimony, Mr. Chairman and com- 
mittee members, and I would be pleased to answer any questions. 

[The prepared statement of Mr. Townsend appears in the appen- 
dix.] 

Senator Bingaman. Well, thank you very much. Why don’t we 
each take 5 minutes here and ask some questions, and then we 
may have a second round of questions after that. 

One of the suggestions which a couple of you have made, or sev- 
eral of you, relates to putting in place what I would guess you 
would call a sequestration tax credit. Mr. Waddington, you make 
reference to that and talk about how, if there were a $20 per ton 
sequestration tax credit, that would incentivize a more aggressive 
effort to capture and store, or capture and sequester the coal. 

Is it your view that that is adequate to actually cause companies 
that are producing power from coal to retrofit their operations or 
to go forward with new plants that would contain that technology? 

Mr. Waddington. Mr. Chairman, we have not done analysis to 
know whether the $20 per ton that we proposed would be the tip- 
ping point to your question. It certainly would make a difference 
and cause companies to look more seriously at CO 2 capture going 
forward. Whether it would cause them to retrofit existing plants, 
I rather doubt that, Mr. Chairman. 

The reason we picked $20 per ton was to draw an analogy with 
the renewable portfolio tax credit that is on the books that Con- 
gress has provided. A $20 per ton CO 2 sequestration tax credit 
would be about the same level of subsidy, if you will, as the renew- 
able credit. That is why we picked that dollar amount. 

Senator Bingaman. Do any of the rest of you have a view as to 
whether this is the right kind of a mechanism, a tax credit of this 
type, for us to try to incentivize action in this area, or does this 
not get the job done, or miss the mark? Do any of you have a 
thought? 

Mr. Townsend. Mr. Chairman? 

Senator Bingaman. Yes, Mr. Townsend? 

Mr. Townsend. There are a number of studies that have been 
done over the last 2 years, UNIPCC, I believe lEA, estimating the 
capture cost for IGCC and for retrofits on existing plants, and 
those numbers run from $25 to $45 per metric ton, depending upon 
the type of plant and the type of capture technology. 

The reason we have landed on $20 as a basis for power genera- 
tion is that, when you add that, plus $10 a ton that that CO 2 would 
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receive from being sold into enhanced oil recoveries — ^because there 
is a value for the CO 2 in enhanced oil recovery as well, and that 
value can subsidize the carbon capture costs — our thought was that 
$20 for power plants, plus $20 for the actual value of CO 2 - 
enhanced oil recovery, leaving the balance as the risk for the indus- 
try to take, was a pretty strong bridge to get somebody. We were 
two-thirds to 75 percent of the way there under most studies, and 
the balance can be taken on by industry. 

Senator Bingaman. All right. 

Mr. Diesch, let me ask you, you testified that some of the CO 2 
emissions that you produce at your operation are, in fact, captured 
and sold, as I understand it. 

Mr. Diesch. That is correct. 

Senator Bingaman. Well, what percent of the CO 2 emissions that 
you are responsible for there are captured and sold, and what is 
the current price of a ton of CO 2 ? 

Mr. Diesch. We have the opportunity to capture all of the CO 2 
that comes off the process side. Now, there is CO 2 that comes off 
of boilers, because we use a lot of natural gas to actually heat the 
process. We do not have the capability at this time to be able to 
capture that, but we have the ability to capture 100 percent that 
comes off the ammonia process. 

We sell our CO 2 . It is food grade, so we clean it up to be able 
to sell to, like, Pepsi-Cola and Coca-Cola and such, and that typi- 
cally runs between $30 and $40 a ton, the value of it. 

Senator Bingaman. That is after it is cleaned up. 

Mr. Diesch. After it is cleaned up and liquified. 

Senator Bingaman. All right. 

What would it take, by way of tax incentive or otherwise, to per- 
suade your company to capture all the CO 2 ? 

Mr. Diesch. Well, in an ammonia plant, we are moving in that 
direction currently, because with a retrofit utilizing coal gasifi- 
cation, we have the capability of capturing much more. 

The technology allows us to capture much more of the CO 2 off 
the process, because it is inherent in gasification processes that you 
can do that. It is a concentrated stream. So, we are already moving 
in that direction and will have the capability. 

Senator Bingaman. So you are not arguing that additional tax 
incentives by the Federal Government are needed at least to 
incentivize your company to do what should be done here? 

Mr. Diesch. Well, for us to move forward, of course, the econom- 
ics have to be there. With the products we produce, there is signifi- 
cant value on ammonia and the nitrogen products, plus the fuels 
products, that allows us to move forward. But not all projects may 
have the economics. 

Senator Bingaman. Right. 

Mr. Diesch. So there has to be an incentive to kick-start the in- 
dustry, as I said earlier. You need to kick-start the industry. 

Now, we have been moving forward with our project. We have 
gotten some help from the State of Illinois that has assisted us in 
our initial engineering studies, but for the most part, this plant is 
going to stand on its own. Now, future plants may not be that way, 
depending on economics and the location, construction, and design 
of the facility. 



14 


Senator Bingaman. Very good. 

Senator Thomas? 

Senator Thomas. Thank you. 

First of all, let me tell you how much I appreciate you all being 
here and talking specifically about how we can do something in 
this area, because I think it is so important, with your solutions. 

I might mention to Mr. Diesch, in our energy bill that we intro- 
duced last year, we did have long-term contracting authority, and 
we will try to do that again. 

Mr. Waddington, are you aware of any Wyoming IGCC projects 
that applied for tax credits under the energy bill, and were any 
awarded? 

Mr. Waddington. Mr. Chairman and Senator Thomas, I am 
aware that there was at least one application. I have been told that 
PacifiCorp applied to be certified as eligible. My guess is, there 
were other projects in Wyoming that applied, but I do not know 
that for sure. 

Senator Thomas. What was the primary difficulty or obstacle, do 
you know? 

Mr. Waddington. Mr. Chairman and Senator Thomas, we actu- 
ally do not know for sure, because the Department of Energy has 
not disclosed its evaluations. But we suspect, and it is generally 
thought, that the 99-percent SO 2 removal standard that was in the 
Energy Policy Act was a pretty tough hurdle for using western sub- 
bituminous coal. That has been fixed now, with your leadership 
and the Chair’s leadership, so we hope in the second round that 
Wyoming projects will be given a better shot. 

Senator Thomas. I see. I guess my point is, we are talking a lot 
about what we need to do, and the fact is, we have some things 
that could be done that are not being done. So, we need to move 
forward with that. 

Dr. Erench, you mentioned the possibility of changing existing 
power plants so they could work with this extraction of CO 2 . Is that 
practical? 

Dr. Erench. There were two things I mentioned. The first is in- 
creasing efficiency, both for existing plants and for new plants. The 
technology is available today to increase efficiency. So then you are 
making less carbon to start with, and that is what the industry be- 
lieves is the number-one place to start. 

The problem is, a higher-efficiency plant costs more and elec- 
tricity is a commodity, so we need to incentivize the people who 
have existing plants and new plants to spend more to upgrade to 
increase efficiency. 

Senator Thomas. Can you upgrade an existing plant for effi- 
ciency? 

Dr. French. You can. You cannot get the very, very high effi- 
ciency that you can from new boiler technology or highly efficient 
ICCC, but there are a lot of things you can do at both the boiler 
stage and the turbine stage to increase efficiency. Every 1 percent 
makes a big difference in the amount of carbon you have to treat 
later on. There is no incentive right now for that, and I really be- 
lieve those technologies are available. 

Senator Thomas. ET fuels. Are you in the marketplace now? Can 
you compete in the marketplace for ET? 
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Mr. Diesch. No, we are not in the marketplace. The first com- 
mercial-scale production facility will be East Dubuque, and it will 
be 2010 before we will actually be in the marketplace. 

Senator Thomas. And you will be competitive then? 

Mr. Diesch. Oh, absolutely. Absolutely. Yes. 

Senator Thomas. Dr. McPherson, you mentioned capturing and 
using CO 2 to recover. How are you going to get it to the oilfields? 

Dr. McPherson. That is probably one of the greatest obstacles. 
In the States of New Mexico, Colorado, and western Texas, and 
also in Wyoming to a great extent, there are existing CO 2 pipelines 
for transporting CO 2 to different fields, from source to sink, so to 
speak. 

For those areas of the country that do not have such a nice infra- 
structure for transporting CO 2 , it would be terrific to have some in- 
centives available to motivate that new infrastructure. 

Senator Thomas. Well, obviously Mr. Townsend has said how we 
can do that, but there is a little problem in the difference between 
where coal production and the use for recovery for oil are close 
enough that it would be practical to do that. I guess that is the 
fact. 

Oil recovery. Can we make that economically possible to get that 
through your pipelines to where the oil is? 

Mr. Townsend. Senator, yes, I think we can. I think oil prices 
being above about $40, $45 offers a really strong base. CO 2 prices 
in west Texas today are about 2 to 2.5 percent of the Oil Price 
Index, so that runs 80 cents to $1.50, or $10 to $15 a metric ton. 

Senator Thomas. Where is the coal production? 

Mr. Townsend. That is the sink. And so to connect the sink and 
the source, the power plant is put somewhere between the sources 
of coal in the Rockies or in the Midwest. The sinks — if you look at 
an ARI study that was recently done identifying the sinks in the 
U.S., both oil sinks and saline sinks, they are substantial. In fact, 
one thing the U.S. has is not a shortage of sinks. 

Senator Thomas. So, you mean you would just sequester. 

Mr. Townsend. Yes, sir. 

Senator Thomas. All right. Not for recovery of oil. 

Mr. Townsend. Well, our suggestion is to use oil revenues as the 
basis for starting the infrastructure build-out, pay for part of it 
with that so that the saline aquifers can then be done cheaper. 

Senator Thomas. Okay. Thank you. 

Senator Bingaman. Senator Kerry? 

OPENING STATEMENT OF HON. JOHN KERRY, 

A U.S. SENATOR FROM MASSACHUSETTS 

Senator Kerry. Thank you very much. Senator Bingaman. 
Thank you for this hearing. 

This morning in the Commerce Committee we had a similar 
hearing on the issue of clean coal technology. We had two wit- 
nesses, Joseph Chaisson, the director of Research and Technology 
for the Clean Air Task Force, and Dr. Gregory McRae, who is a 
chemical engineering professor at MIT and one of the authors of 
the Coal Report study. Then we had a number of other folks out 
of the industry, from Siemens and elsewhere, American Electric 
Power. 
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It was interesting because, first of all, they all concluded that we 
have to do this urgently. Some of the years you were talking about, 
5 years to get here, 10 years for that, the indicators are, we do not 
have that kind of time to wait until we have an ability to burn 
clean, if you accept the science. 

This is an issue where, as we said this morning, you cannot be 
half pregnant on this issue. If you accept the science and you be- 
lieve what the scientists are telling us, then you have to accept sort 
of the framework that they are offering us within which we prevent 
catastrophe. Do you accept that, all of you? 

Mr. Waddington. Yes. 

Dr. French. Yes. 

Mr. Diesch. Yes. 

Dr. McPherson. Yes. 

Mr. Townsend. Yes. 

Senator Kerry. All right. 

So as a starting point, we have to get more serious than we have 
been, which means we need some pretty big incentives, correct? 
Give me an order of magnitude. What are we talking about that 
we need to think about on this committee? They said we need at 
least a billion dollars a year that has to go straight into clean coal 
to augment just the capture and sequestration issue. Where do you 
come down on that figure? 

Mr. Waddington. Mr. Chairman, Senator Kerry, I would be 
happy to provide my opinion on that. I think you are absolutely 
right. If we are going to take climate change seriously, we have to 
recognize that the solutions are going to be expensive, they are 
going to be large-scale. 

It is going to take time. There is a significant role for the Federal 
Government to incentivize, match, buy down the risk, and move 
ahead, both with coal conversion technologies that allow for the 
capture of CO 2 and large-scale geologic sequestration at multiple 
sites. 

Senator Kerry. You used the word “if” we are going to take it. 
Do you have any doubts whether we ought to? 

Mr. Waddington. Well, the current Department of Energy coal 
program, which has been in a diminishing decline for a number of 
years, if you set aside FutureGen, the fiscal year budget is about 
$200 million. Can we increase that to a billion dollars a year? 

Senator Kerry. No, no, no. What I am saying is, I agree, it is 
minimalist and it is anemic, and we are not getting the job done. 
What I am saying is, you said if we are going to take the climate 
change thing seriously. I am just saying to you, do you believe we 
have to? 

Mr. Waddington. I personally believe we have to. Senator 
Kerry. 

Senator Kerry. All right. So do I, and I think the consensus of 
the scientists is that we do, but I wanted to just get that as a base- 
line. 

Now, in the 1930s when electricity first began to be distributed 
in America, Franklin Roosevelt made the decision that every home 
in America ought to get it as fast as possible because it was an ur- 
gent part of our economic development and future. 
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We did the TVA. Government became involved. I think we in- 
vested about $5 billion back then in infrastructure to make it hap- 
pen. Is there any reason that similarly, now, given the 10-year win- 
dow that our chief climatologist, Jim Hansen, has given us and the 
increased feedback on this 

I mean, every scientist I have talked to, and I have talked to a 
bunch of them lately — Bob Correll, Ed Miles, University of Wash- 
ington, John Holdren, Harvard, and so forth — they all say the evi- 
dence, the feedback, all of their predictions are coming back now 
at a faster rate and in a greater quantity than they anticipated. So 
they have refined their own judgment of what we have to do. 

We cannot, now, have an increase of three degrees Centigrade, 
we have to hold it to two degrees Centigrade. We cannot, now, have 
an increase of 550 parts per million in the greenhouses gases, we 
have to hold it to 450. Now, if you accept that, do you not have to 
put in place an incentive that is absolutely clearly going to get you 
the marketplace behavior that you need? That is the first part of 
the question. 

The second part, does that incentive need to be broad-based so 
that you take the 15 or 20 clean coal technologies out there and 
you let any of them emerge within that, or do you take the 4 or 
5 most promising? Go ahead. 

Dr. McPherson. Thank you. Senator Kerry. There is some “low- 
hanging” fruit out there. There are two issues that I think need to 
be addressed: one is capture, the other is storage, and they are 
completely separate. As Mr. Townsend mentioned, the cost of sepa- 
ration and capture ranges anywhere from $25 to probably even $50 
or $60 per ton. The cost of storage, depending on the depth and the 
type of formation used, ranges anywhere from 50 cents to $10 per 
ton. 

So there needs to be, as I mentioned earlier, infrastructure to 
provide the storage, but firstly, some incentives to motivate the 
capture. The capture is by far the most expensive portion, but also 
the country does not have the necessary extensive infrastructure 
required for distributing CO 2 to the sinks, to the different oil and 
gas reservoirs for enhanced oil recovery or the deep saline res- 
ervoirs. 

One argument that I would like to make is, if we can focus on 
oil and gas fields and deep saline storage underneath oil and gas 
fields where there is existing infrastructure, there are extensive 
data sets available for characterizing risk and capacity and those 
kinds of things, and you can incentivize and have a priority rank- 
ing of different storage sites. 

I suspect, as you have already alluded to, there are different 
rankings and priorities for capture types. So if incentives are pro- 
vided, if they are ranked and prioritized and given different 
weights, that might be a way forward. 

Senator Kerry. We know we can capture. We have the tech- 
nology to capture. We simply have never done it to scale, correct? 

Dr. French. The capture technologies are very expensive. 

Senator Kerry. But we have never done it to scale. 

Dr. French. And we have never done it to scale. 

Senator Kerry. But we know we at least can capture. 

Dr. French. Yes. 
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Senator Kerry. If the economics do not work and you cannot do 
this, can you build a coal-fired plant? Should we? If you cannot cap- 
ture and you cannot sequester, should we build a coal-fired plant? 

Dr. French. I think we can capture and we can sequester. 

Senator Kerry. If we cannot, should you build a coal-fired plant 
without it? If you do not, though. I am saying, if you do not spend 
the money, if you do not get the economics here. We know we can 
if we spend the money, but we have not indicated that we are will- 
ing to spend the money yet to do this. I am just asking the ques- 
tion. If you do not do it, it is an important threshold from which 
we need to operate. 

Senator Bingaman. Anyone would like to respond, please do so 
quickly. Then we will go the next question. No one wants to re- 
spond? 

[No response.] 

Senator Bingaman. Senator Bunning? 

Senator Bunning. Let me make a statement, first of all, then ask 
some questions. 

Would you consider this statement true or false, all members of 
this panel: The United States can get to zero emissions, and, if we 
get to zero emissions in all the things that Senator Kerry is talking 
about and we do not do something about the fact that China and 
India do not have some kind of an agreement to do likewise, we 
will have no effect on climate change? 

Mr. Waddington. Mr. Chairman, Senator Bunning, I am not a 
climate change expert. 

Senator Bunning. All right. Then do not answer the question. 
Next? 

Dr. French. I am not a climate change expert either, but I would 
like to say the National Coal Council is completing a report that 
talks about the global impact of CO2. The drafts are almost fin- 
ished. It will be out very shortly. There is an excellent summary 
of exactly that question, but it would not be fair for me to try to 
paraphrase it. 

Senator Bunning. All right. 

Anyone? 

Mr. Diesch. I am not an expert. I am a fertilizer guy. So, I will 
pass. 

Dr. McPherson. I would suggest that India and China, if we 
take the lead, might follow along. I am not sure if they will. 

Senator Bunning. In other words, we should go and take the 
lead and get to zero emissions if possible without any agreement 
on China and India doing likewise? Would that have an effect on 
our economy? 

Dr. McPherson. Carbon is evolving into its own industry and I 
think — 

Senator Bunning. I mean, but would it have an effect on our 
economy? 

Dr. McPherson. It could be positive. 

Senator Bunning. All right. 

Sir? 

Mr. Townsend. I am definitely not a climate change expert, but 
I do think we need to take a leadership role in this area. 

Senator Bunning. Without anybody else signing on? 
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Mr. Townsend. I think other people will sign on. They have in 
the past. 

Senator Running. You have not heen dealing with China very 
long then. 

Mr. Townsend. No, I have not. 

Senator Running. All right. 

Dr. French. Senator Running, Thomas Friedman, who is an op- 
ed contributor for the New York Times — I think you are familiar 
with him — has some very interesting answers to that question also. 

He points out that we are a country that has gone through its 
growth cycle. These are countries that have not gone through the 
same growth cycle, they are at the earlier stage. We went through 
our growth cycle with power production and CO 2 emissions, and 
now we are coming to clean them up. 

He points to the fact that these countries, as they go through 
their growth cycle, there is a very good chance that they will come 
and catch up with us, hut that we are the leader and have the abil- 
ity to provide that leadership by coming first. Do we go to zero? I 
do not think so. Rut do we take a leadership role? I think we can. 

Senator Running. I hope you all visit China during the 2008 
Olympics so you can spend a week in Reijing, like some of us on 
the Finance Committee did about a year ago, and cry as you sit in 
your hotel and as you walk down the street. The emissions are 
such that you cannot even see. Relieve me, I was a professional 
athlete and played in Los Angeles as a professional athlete in 1969. 
If I got up before noon, I could not see Los Angeles. I have news 
for you. If you get up before noon now, we have done a great job 
in cleaning up a lot of the emissions in Los Angeles so you can see 
before noon, and the haze lifts. 

Mr. Diesch, I want to ask you one specific question. You high- 
lighted two tax incentives as top priorities, a coal-to-liquid tax cred- 
it like the gasification tax credit in section 48R, and a carbon cap- 
ture credit. 

I have introduced legislation, S. 155, the Coal-to-Liquids Fuel 
Promotion Act, which Senator Thomas has co-sponsored, that 
would create a new section 48C tax credit for coal to liquids and 
provide a 50-percent tax credit for carbon capture and sequestra- 
tion equipment. Are you aware of this legislation, and do you think 
it provides the right incentive for the technology? 

Mr. Diesch. I am somewhat aware of the initial legislation. I do 
not know all the details. Rut, absolutely, I think that is extremely 
important to kick off the industry, because carbon capture and 
cleanup is an absolute requirement in the process of producing 
Fischer Tropsch, because you have to have a very clean gas stream. 
So the technology that we were using, the best technology today is 
called Rectisol, it cleans the gas streams up extremely well. 

In order to produce Fischer Tropsch fuels or liquids, you have to 
utilize those technologies. So it will incentivize the further-on de- 
velopment of the industry moving forward. I definitely believe that 
is going to help. 

Senator Running. My time has expired, Mr. Chairman. 

Senator Ringaman. Thank you very much. 

Senator Hatch? 
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Senator Hatch. Well, thank you, Mr. Chairman. As you know, 
we have two witnesses at today’s hearing with ties to my home 
State of Utah. We have Dr. Brian J. McPherson, director of the 
Southwest Regional Partnership on Carhon Sequestration, and he 
does work for hoth New Mexico Tech and for the Energy and Geo- 
science Institute at the University of Utah. I will not ask him in 
public which of the two jobs he prefers the most. 

We also have Bill Townsend with Blue Source Energy from Hol- 
laday, UT. As you know, Mr. Chairman, Blue Source Energy is one 
of the Nation’s leaders in CO2 pipeline systems, one of the most 
critical technologies for capturing and sequestering CO2. 

Now, Mr. Chairman, I thank you for inviting these two experts 
to testify today. And I welcome all of you, as well as my two folks 
who have ties to Utah, in helping us to understand one of our Na- 
tion’s most vexing problems, and that is capturing and seques- 
tering CO2. This is an important hearing. 

Let me turn to you, Mr. Townsend, first. It appears that the 
pipelines that your company has been involved with are geared to- 
wards enhanced energy production. Have any CO2 pipelines been 
built in this country strictly for the purpose of geologic sequestra- 
tion of CO2? 

Mr. Townsend. No, sir. There may have been two small pilot 
projects done, but not for commercial purposes. 

Senator Hatch. All right. 

You mentioned the need for more pipeline infrastructure to 
transport CO2. Today it appears that it comes down to economics 
because of the number of pipelines that have been built to trans- 
port CO2 for the purpose of enhanced oil and gas production with- 
out any government assistance that I am aware of. 

Other than subsidies, what are the potential market drivers that 
would make CO2 pipelines economically feasible when their pur- 
pose is not to enhance oil and gas recovery, but simply to put CO2 
into the ground? 

Mr. Townsend. I am not aware of any additional economic driv- 
ers to putting CO2 in a saline aquifer besides the climate change 
impact. Senator Hatch. 

Senator Hatch. All right. 

Now, Dr. McPherson, you talked about commercial-scale seques- 
tration demonstration projects that will be coming online in the 
near future and the importance of the data that will be collected 
during these projects. 

Currently, we have no regulatory scheme for the sequestration of 
CO2. What types of information does the government need to have 
before we will be in a good position to set up a meaningful regu- 
latory scheme for sequestration? 

Dr. McPherson. Well, the current regulatory framework for oil 
and gas serves at least as a good model. I mean, it is effective for 
oil and gas. Oil and gas obviously are a commodity. CO2, at least 
in the western U.S. — well, throughout the U.S. but more so in the 
western U.S. — is a commodity as well, a very strong commodity, 
and regulating it as such might be helpful by mimicking what al- 
ready works for oil and gas. 

Focusing on oil and gas fields and deep saline reservoirs below 
oil and gas fields might be a way to start because, in those areas. 
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the regulatory structures and detailed issues, unique issues specific 
to those areas, have already been worked out. So, there are many 
reasons why focusing on those areas might be helpful. Also, the in- 
frastructure for CO2, the rights of way for pipelines, exists in those 
areas. 

Senator Hatch. Now, you talked about the need for government 
incentives to promote the infrastructure needed for large-scale CO2 
sequestration in our country. Even with government assistance, 
though, will there not have to be some natural market incentives 
to drive this activity? Could you talk about what incentives would 
be in the market for this type of investment? 

Dr. McPherson. Yes. As Mr. Townsend mentioned earlier, start- 
ing with enhanced oil recovery, that would build the motivation, 
build the impetus, if you will, for driving the initial early stages 
of commercial-scale sequestration, if we tie enhanced oil recovery 
with sequestration per se, use that tax base, use that profit base 
to develop infrastructure for sequestration rather than just oil re- 
covery. 

Then also at those sites for oil and gas recovery, maximize subse- 
quent storage of CO2. Give incentives for not just recycling CO2, 
which is typically done at an oil field — it is injected into a deep oil 
reservoir underneath a confining layer that is used to break up the 
viscosity of the oil and reproduce it; the CO2 is reproduced and re- 
cycled. If that CO2 is then re-injected for storage, then that is, 
again, another follow-on with what is already happening with oil 
and gas and that experience. 

Senator Hatch. Well, thank you. 

Dr. French, you referenced the large differences among the var- 
ious coal resources in this country, and clearly some coal is cleaner 
than others in terms of criteria pollutants. 

In terms of CO2 per Btu, though, does some of our coal produce 
more greenhouse gases than other types of coal? If so, where do you 
find our Nation’s cleanest coal in terms of CO2? 

Dr. French. Senator Hatch, that is an excellent question. From 
a combustion point of view, carbon is carbon. It does not matter if 
you make the energy from gasification or an old plant or new plant, 
carbon is carbon. 

If you take the carbon out of coal, we call that sand, and you can- 
not burn it and make electricity. So carbon is carbon. So the 
amount of carbon that is put out from a low-rank coal or a high- 
rank coal is still the same. 

The question is, for gasification, the CO2 that comes out is con- 
centrated so you do not have to take the nitrogen out of the system 
to start with, so that makes capture, perhaps, more amenable in 
gasification. 

But there are some efficiency differences also, so there is no one 
answer. The most important thing that we are going to have to 
deal with in carbon capture and storage is the recognition that 
there will be a different set of technologies required for each appli- 
cation, and we need multiple technologies in order to bring the cost 
down and move forward. 

Senator Hatch. I am sorry I ignored you, Mr. Diesch, and you, 
Mr. Waddington. 

Are you related to Thorpe Waddington? 
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Mr. Waddington. Senator Hatch, no, I am not. 

Senator Hatch. All right. I just wanted to know if you were. He 
is a Utahn, a great natural resources guy who died a few years ago. 

Thank you, Mr. Chairman. 

Senator Bingaman. Thank you. 

Let me ask a couple of other questions here, and I am sure some 
of the other members will have additional questions as well. 

Let me ask you. Dr. McPherson, is there currently a standard for 
the purity of CO 2 that is transported in pipelines? 

Dr. McPherson. Mr. Chairman, I hope I do not misquote the 
standard. I believe it is 97 percent, but I could very well be wrong. 
I know that the purity of CO 2 in the Cortez and Sheep Mountain 
pipelines, those going from Southern Colorado through New Mexico 
into Texas, is approximately 97 percent. 

Senator Bingaman. And who establishes the standard? 

Dr. McPherson. That is borne by UIC (Underground Injection 
Control) regulations, but also oil and gas, local State regulations 
for injection and production of oil. 

Senator Bingaman. So you think it is a State-level standard in- 
stead of a Federal standard? 

Dr. McPherson. I believe it is governed by the States. 

Senator Bingaman. Should we have a Federal standard in place 
as to the purity required for CO 2 to be transported in pipelines or 
is that something that — I mean, if this is going to become a signifi- 
cant activity, it would seem appropriate to have something like 
that. Maybe not. I do not know. Maybe Mr. Townsend has a 
thought on that. Either one of you? 

Dr. McPherson. My opinion is, 90 percent purity, minimum, 
would be appropriate. Depending on the type of capture used, there 
are going to be different expenses for getting that additional 5 to 
7 percent of the 97. 

Senator Bingaman. Did you have any thoughts on that, Mr. 
Townsend? 

Mr. Townsend. Mr. Chairman, there is an industry specification 
for CO 2 . It is based on the use of CO 2 to capture oil, and that speci- 
fication is, in most contracts, 95 percent pure CO 2 , certain percent- 
ages of nitrogen and oxygen as well, and H 2 S. 

The reason it is 95 percent, although there are some injections 
done at 94 percent, is that when the CO 2 is injected into the 
ground and it mixes with oil, it is miscible. It mixes with it cleanly 
and then it sweeps the oil off the face of the reserve. 

As the percentage of CO 2 decreases, the amount of pressure re- 
quired to have the CO 2 and the oil mix and become miscible grows 
and grows and grows and you need more and more horsepower to 
cause CO 2 that is miscible at 90 percent than at 92, 93, 94, 95. 

So the underground sources of CO 2 that Dr. McPherson was just 
mentioning are very high purity forms. Out of Colorado, the Four 
Corners area, and Eastern New Mexico, they run 97 to 98 percent 
pure CO 2 , but actual work in the field suggests that 95 percent, 
which is what most contracts are written at, is the minimum speci- 
fication for CO 2 . 

Senator Bingaman. I am trying to get in my head. Dr. McPher- 
son, you talked about how there is a big difference between cap- 
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turing and sequestering, and the cost of capturing the carbon is 
substantially greater per ton than the cost of sequestering it. 

If we were to try to put some kind of tax credit in place, how 
would you structure that? Would it make sense to have a tax credit 
just for the capture or should there be a separate tax credit for cap- 
ture and a different one for sequestering it? 

I mean, I would think that if the practice of capturing becomes 
widespread, and storing or sequestering carbon from coal plants be- 
comes widespread, there are going to be people in the business of 
just doing one rather than the other. 

I mean, maybe the plant would do the capturing and then some- 
one would come along and sign a contract that they would take 
what was captured, transport it, sequester it, get paid. 

Do you have a thought as to how you would structure the tax 
credit? 

Dr. McPherson. Yes, Mr. Chairman. I would recommend that 
your idea of separating them, one for separation, one for storage, 
actual injection and sequestration, would be appropriate, simply 
because ethanol plants and some other plants, the technologies for 
separating CO2 — with IGCC, it is very different. 

So depending on the type of plant, whether it is a chemical plant 
or a coal-fired power plant, et cetera, depending on the type of 
plant, there will be different needs and different technological re- 
quirements for separating and capturing the CO2, and therefore 
different cost structures. Whereas, sequestration is, by itself, by 
and large, a known technology, a known engineering approach 
through the existing oil and gas — 

Senator Bingaman. Of course, we really do not have any policy 
reason to want them to just capture it. I mean, the whole idea is, 
we want it not in the atmosphere. So they have to do both in order 
to accomplish the objective we are trying to accomplish through the 
tax code here. 

My time is up. Let me see if Senator Thomas has other ques- 
tions. 

Senator Thomas. Just very quickly. Dr. French, you commented 
that we need to provide incentives based on achievement of goals 
rather than specific technologies. How do you suggest we best do 
this without opening the door to all kinds of activities that may or 
may not be productive? 

Dr. French. Senator Thomas, that is a good question. I am not 
a tax policy expert, but I do understand technologies, I understand 
energy, so what I can speak to is what I have seen in the past. 

That is, if we carefully define what our goal is and set clear base- 
lines and clear guidelines, metrics to measure those goals, we will 
end up with strong tax incentives that do actually accomplish 
things. 

That comes from understanding the industry and the quirks of 
the industry. It is one thing to say we want to improve efficiency. 
The devil is in the details of, how do you define a baseline effi- 
ciency such that the credit actually does what it is meant to do? 

Senator Thomas. All right. 

Dr. French. Does that answer your question? 
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Senator Thomas. The concern, often, when we get into, sort of, 
the incentives, is we end up more in research than we do in pro- 
ductivity. 

Dr. French. I agree. 

Senator Thomas. I think we are at a point now where we know 
pretty much how to do some of these things and we ought to be 
incentivizing those things we know how to do. 

Dr. French. And my understanding of that, what I see is, when 
you write an incentive that is a production incentive, that the tax 
credit comes in when you actually accomplish it. Then you stay 
away from subsidizing research and development. 

Senator Thomas. Good. 

Dr. French. And I think that has been shown to be very effec- 
tive. 

Senator Thomas. Mr. Waddington, we have talked a little bit 
about it, but the fact is, coal is one place basically and the markets 
are other places, so we need to get transmission in order to be able 
to do these things. 

How do you suggest that we get transmission capacity going? 

Mr. Waddington. Senator Thomas, at least in Wyoming, we are 
doing a lot to try to get transmission wires in the air. We would 
like to see mine mouth coal plant development in Wyoming. It is 
lower cost because you are proximate to the coal. 

In the future as we move to sequestration, those plants will also 
be more proximate to the best sequestration opportunities. So, we 
think that is the way to go, but transmission will be required. 

There are several transmission projects that we are involved in, 
looking at proximate markets such as Denver, Salt Lake, Phoenix, 
and ultimately California. The infrastructure authority was created 
to be a proactive catalyst for getting transmission built, and I think 
will be successful. 

Senator Thomas. Yes. Well, I think one of the examples we need 
to keep in mind as we talk about this, in this instance the largest 
supply of coal currently is in Wyoming. The largest market for elec- 
tricity is in California. 

So, it is much safer for the environment to be able to get it there 
on a transmission line than it is on a railroad car, and so we need 
to make sure that we get these incentives happening where we can 
get all these factors together. 

I am a little disappointed, for instance, that we have been work- 
ing at it in Wyoming, getting some incentives for the coal produc- 
tion where the coal is, and we have yet to be successful. So, thank 
you. 

Senator Bingaman. Senator Kerry? 

Senator Kerry. Well, picking up on what Senator Thomas said, 
I agree with Senator Thomas that it is important to get the incen- 
tives for the full package: for the transmission as well as for the 
production as well as for the capture or the sequestration. 

But in addition, I agree with him that we do not want to encour- 
age activity that somehow is not productive. That is always tricky 
if you are trying to excite creativity and innovation. 

That is what I asked earlier about this question of, there are 15 
or 20 different technologies out there, but there are only about 5, 
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I think, that are “in use,” though not to scale, but which people 
think might be brought to scale, effectively. 

So, where do we put our incentive here? Do we go for the full 
20 and let us see what happens and let the marketplace decide? 
Because if we get narrower, then we are doing the very thing that 
most people say do not ever do, which is to start picking winners 
and losers. Is there a way to frame this so we are not piclang them, 
but still not wasting money? Does anybody want to respond? 

Dr. McPherson. If the standards are benchmarks based on pro- 
duction rather than a specific technology, then the market would 
drive the winners versus losers. 

Senator Kerry. So the standard ought to be X amount of CO 2 
captured. 

Dr. McPherson. Some efficiency. Yes. 

Senator Kerry. Efficiency standard, period, within that. But that 
is going for production. So you are not for putting any of the 
money — what about the R&D component of this? 

Dr. McPherson. Certainly there are, as you already suggested, 
some technologies that are winners, clearly, some that are not. As 
far as I know, there are significant funding mechanisms in place 
right now in R&D to move forward, as you and Senator Thomas 
suggested, to action. 

Senator Kerry. There are. But at the same time, I have heard 
from a lot of folks, including the panel this morning, that there is 
a significant need for increased R&D, particularly on the sequestra- 
tion side, but also even on the capture. 

Mr. Diesch? 

Mr. Diesch. Senator Kerry, I assume you are talking about dif- 
ferent gasification technologies and clean-up technologies, I as- 
sume, for cleaning out the gas and removing the CO 2 . I think the 
marketplaces will dictate that because it is depending on its use. 
We are a Fischer Tropsch fuels production, so we have to have very 
clean gas streams because of our catalysts and contamination 
issues. 

So the gasification technology we use is dictated by two things. 
Number one, what is the component of the gas streams that are 
coming off the gasifier? Number two, what type of coal are you 
going to use? There are different gasification technologies that 
work better on different types of coals. 

If we are going to be using Illinois #6 coal, we are going to use 
ConocoPhillips gasification technology because we get the most 
heat recovery, we get the most efficiency out of the coal, and it gets 
us the components in the gas stream that allow us to produce the 
products we need to produce. 

Senator Kerry. Let me ask you about that for a moment, be- 
cause you are involved in both coal to liquids and gas to liquids, 
correct? 

Mr. Diesch. No. The plant in East Dubuque produces diesel fuel 
and fertilizer, nitrogen fertilizer. 

Senator Kerry. So you are not doing any coal to liquids? 

Mr. Diesch. Yes. The two major liquid components you are going 
to get from Fischer Tropsch is, you can either produce diesel fuel 
or jet fuel, the easiest products you can produce, and most cost- 
effective. 
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Senator Kerry. Fair enough. 

Now, why should we give an incentive to that, given that a lot 
of people are telling us that the well-to-wheels rate for conventional 
petroleum-derived fuel is about 27 pounds of CO 2 per gallon of fuel, 
whereas the coal to liquid is about 50? And even if you capture it, 
if it is fully captured, you still are at a higher percentage than you 
are for the other forms by about 10 percent, 8 to 10 percent. 

Mr. Diesch. That is incorrect. There have been a number of 
studies. Toyota did a study in 2004. The U.S. Army has done some 
studies on efficiencies and CO 2 emissions. The quickest way to re- 
duce emissions on vehicles is to switch from gasoline to standard 
diesel fuel. That will give you about a 21-percent reduction of CO 2 
emissions. 

Now, if you take Fischer Tropsch and you have gone through op- 
timizing the CO 2 removal, you will reduce that even further com- 
pared to gasoline, up to a 30-percent reduction, but you will have 
to optimize the CO 2 removal, again, from wells to wheels. 

Senator Kerry. And what is the emissions and energy use, com- 
paratively, in the process of doing that? 

Mr. Diesch. It is comparable. It is comparable. 

Senator Kerry. It is? 

Mr. Diesch. Yes. 

Senator Kerry. Well, I would like to see that study, Mr. Chair- 
man, if we could get that and make it a part of the record. I would 
like to get a comparison with some others I have had and examine 
that a little further, because I guess there is a conflict in the data 
there. 

[The study appears in the appendix on page 64.] 

Dr. French. Senator Kerry? 

Senator Kerry. Yes. 

Dr. French. There is data in the National Coal Council report 
on this also, and it backs up what Mr. Diesch was saying. 

Senator Kerry. I would not be surprised if it did. I do not mean 
to be disrespectful, but I just want to check it, that is all. I would 
like to get at it. I would like to understand it, that is all. I just 
want to know. Because if you read one thing and it says one thing, 
you want to understand how it does get refuted, that is all. I would 
like to understand it, so we will try to get at it. 

I think it is important to make sure, if we are providing incen- 
tives and spending the money, that we are not negating somehow 
or making more complicated the whole picture of what we are 
going after. But whatever is legitimate, is legitimate and should be 
on its face. 

If I could just say to Senator Banning on the China thing just 
for a moment, I have been involved with their delegations, and oth- 
ers, for 17 years now. We met with them early on during the early 
negotiations on the voluntary exchange. 

We also met again during the Kyoto negotiations. I managed the 
Kyoto piece on the floor when we did Byrd-Hagel. There was a uni- 
versal acceptance here that we needed to get the world involved; 
less-developed countries, other countries have to be involved. 

Most recently, we had a meeting here in Washington with a very 
large Chinese delegation, the Global Legislators for a Balanced En- 
vironment. Japanese, Europeans, and a lot of people were there. 
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There is a strong consensus between Europeans and a lot of 
other folks who are moving down this road that we need to take 
some action. We may not get to zero, but if we take action, the Chi- 
nese are poised to also take action, as are the Indians. 

In fact, they are planning to shut down their plants. There was 
a big article in the New York Times a few weeks ago about their 
concern for the professional athletes during the Olympics. 

They are well-aware of the problem, and they are planning to 
take steps, unilaterally, obviously, to try to deal with that problem, 
as Atlanta did, I migM add. Atlanta, during the Olympics, did an 
entire transportation plan and reduced the emissions so the ath- 
letes would be able to perform at a higher level. 

So, there is precedent for it. I think it is the judgment of most 
people that, if the United States is 25 percent of the world’s emis- 
sions, we are going to have to start down that road and take the 
lead. We have enough market power and enough leverage, I think, 
that in the end the Chinese are going to be interested in buying 
our technology and sharing in this effort. 

Obviously, if they do not do it, we are all hurt. But if we do not 
do it either, nobody is going to do it. Up until now, they have 
viewed our reluctance as kind of a western conspiracy against their 
ability to develop, and that is a view of a lot of less-developed coun- 
tries. And you may laugh about it, but the fact is — 

Senator Running. I am not laughing. I am smiling because I 
went there and had to deal with it. 

Senator Kerry. You have to deal with people’s perceptions. I 
think if we start down the road, we have enough market lift, to- 
gether with Europe, that we could make it pretty uncomfortable for 
them if they do not go down the road with us. 

Senator Bingaman. Senator Running? 

Senator Running. Well, I know that they are going to shut down 
their power plants for the Olympic Games and use a transportation 
setup, at least that I have heard of, that will be similar to Atlanta. 
You will not see one car on the road in Beijing during the Olympic 
Games. You will see transportation by buses and by other vehicles. 

But still in all, if you weigh the 94 coal-fired generating plants 
that China is opening this year — this year — comparatively speak- 
ing to what we are doing as far as opening new plants this year, 
we have a much better handle on our emissions than they do. 

Going down the road, if we are going to approach climate change 
and climate control, we are going to have to do it. If we take the 
lead and hope somebody follows, that is not the answer. We have 
to make sure that they follow us. 

Senator Kerry. Of course. But you have to have clean hands in 
that discussion. 

Senator Running. Well, I mean, what is clean hands? 

Senator Kerry. It is making a legitimate, bona fide effort to 
prove that you are going to do these things. 

Senator Running. Thank you. 

Dr. French, you said that technology development will be the key 
to clean coal technology. I have watched as many of our tax incen- 
tives we wrote into the Energy Policy Act in 2005 have led to dra- 
matic pollution reductions in sulfur, nitrogen, and particulate mat- 
ters, emissions. Do you agree that expanded tax incentives for 
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clean coal can address the need to improve power plant efficiencies 
and decrease carbon emissions? 

Dr. French. Senator Banning, yes, I do believe that. I think that 
the efficiency improvements are closer than full-scale commercial 
carbon capture and storage for coal. 

But I think we need to work carefully with the regulations, with 
the technology development support that Senator Kerry was talk- 
ing about to move forward with that as quickly as we can. I think 
the tax incentives would work ideally for efficiency improvements 
in both existing plants and new plants, because the higher effi- 
ciency will cost more. We need to level the playing field. 

Senator Bunning. All right. 

Would you, Mr. Diesch, mind repeating what you said about liq- 
uids that are obtained from coal through the Fischer Tropsch proc- 
ess and the possibility of cleaner fuel being a result of that process, 
and the ability to capture carbon? Now, South Africa is doing this 
on a much larger scale than we ever hoped for. 

Mr. Diesch. That is correct. 

Senator Bunning. So we do not have to reinvent the wheel. Can 
you enlighten us on that? 

Mr. Diesch. I think. Senator Bunning, you are asking me to kind 
of give you a quick description of how the process works? 

Senator Bunning. Well, I know how the process works. I am 
talking about, as you produce the liquid from the coal, you can cap- 
ture the carbon. 

Mr. Diesch. Yes. 

Senator Bunning. And after you capture it, you can do other 
things with it. You can sell it. You can sequester it. There are 
many uses for carbon at 95 percent, as I have heard before. 

Mr. Diesch. That is correct. 

Senator Bunning. Go right ahead. 

Mr. Diesch. First of all, let me tell you, there is a feeling that 
Fischer Tropsch requires coal. That is false. 

Senator Bunning. No, it does not. We know that. 

Mr. Diesch. You can produce it from natural gas, biomass, mul- 
tiple products. Through the gasification process, the two products 
you want to produce the fuel are carbon monoxide and hydrogen, 
and that has to be in the proper ratio. 

During the gasification process you also have an opportunity to 
clean up. It has to be very clean gas because you cannot have sul- 
fur, you cannot have mercury, so you have to remove all those 
products, where in standard combustion, you do not remove it. It 
is much more expensive and difficult. 

So you have removed all of the criteria pollutants out of the gas 
stream that makes the fuel, so that makes this a much cleaner 
fuel. If you look at the criteria pollutants that come off of combus- 
tion of this, it is 50 percent less overall on particulate matter, NOx, 
SOx, and there is no sulfur. That comes out of the fuel itself when 
you combust it. 

So I know we have been talking a lot about the carbon dioxide 
side of things, but we ought to remember that this is a much clean- 
er fuel with the pollutants that are regulated today. That is an- 
other very positive thing with the fuel. 

Senator Bunning. Thank you, Mr. Chairman. 
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Senator Bingaman. Well, thank you very much. 

Let me thank all of the witnesses. I think it has been very useful 
testimony. We will try to go through your written statements in de- 
tail and understand your points of view better before we proceed 
in this area. But again, thank you for being here, and that will con- 
clude the hearing. 

[Whereupon, at 2:39 p.m., the hearing was concluded.] 
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Thank you Chairman Bingaman, Senator Thomas and distinguished Committee 
members, I’m John Diesch, President of Rentech Energy Midwest Corporation (REMC), 
a subsidiary of Rentech. Rentech is the leading US firm developing facilities capable of 
commercial scale production of Fischer Tropsch fuels. These are ultra-clean diesel and 
jet fuels that can be made from any number of hydrocarbon rich resources, including 
coal, petroleum coke, natural gas, biomass and other abundant domestic sources. 

This is a sample of our diesel - you will notice that it is virtually clear. It is extremely 
low in particulates and sulfur emissions. You can use Rentech diesel in any current 
engine that runs on conventional diesel — in trucks, buses, barges, locomotives or diesel 
cars. Last year, the Air Force flew a B52 bomber on the jet fuel version of FT. Our fuel 
produces all of the transportation energy of conventional fuels, with several major 
advantages: 

• It can be made from abundant domestic natural resources, lessening our 
dependence on imported oil. 

• It runs cleaner than conventional fuels from petroleum, producing slightly less 
greenhouse emissions than conventional diesel when used in the same 
engines. When compared to similar vehicles with gasoline internal 
combustion engines, there is about a 25 percent reduction in greenhouse gas 
emissions. 

• For other regulated criteria emissions - SOx, NOx, and particulates - using 
our fuels cuts emissions by up to half over conventional diesel. 

• Rentech diesel can also be stored 5 to 10 times longer than oil-derived diesel, 
and it is biodegradable, making it ideal for strategic reserves. 

And let me state right up front that, with the proper manufacturing configurations and 
appropriate sequestering, we can manufacture our fuel so that the total production of 
greenhouse gases - from manufacturing AND vehicle use - is less than the wells to 
wheels emissions of conventional diesel. And that would be a major improvement over 
gasoline. 
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While the potential of this fuel is still in the early stages in the US, the technology for 
making this fuel is over 70 years old. Large scale manufacturing plants are operating in 
South Africa, Qatar, Malaysia, and under construction in a number of other countries 
including China, which is aggressively developing a CTL industry to meet its growing 
transportation fuel needs. In the US, Rentech holds over 20 patents from its more than 25 
years of experience refining the process, and we expect to have the first commercial scale 
production facility operating in the US by 2010. 

That first plant will be the conversion of the fertilizer plant in East Dubuque, Illinois that 
I have managed for nine years. Currently, we make nitrogen fertilizer and urea products 
for the local market, primarily serving farmers in Illinois, Iowa and Wisconsin within a 
200 mile radius of the plant. Most fertilizer plants in the US are now struggling because 
of the sustained high cost of natural gas, the primary feedstock for making fertilizer 
products. In fact, over hsilf of the US production of fertilizer has shut down in the last 
seven years, moving overseas where natural gas prices are significantly cheaper and more 
stable. 

Let me demonstrate the clear and convincing economics. The East Dubuque plant uses 
3 1 ,800 MMBtu per day, enough gas to heat a city of 1 00,000 homes. A ten cent increase 
in the price of natural gas is S 1 ,000,000 per year in additional operating cost. This plant 
would have shut down three years ago if it was not for the conversion to clean coal 
technology. 

So why add a fuel plant to a fertilizer plant? Because many of the processes are shared; 
the gasification of coal, the production of synthesis gas, the conversion of that synthesis 
gas into other useful products. Depending on the configuration and the additional 
equipment added, these plants can produce various combinations of fuels, fertilizers, 
electricity, and other useful manufacturing and consumer products. 

Right now, we are in the final stages of design work at East Dubuque. We hope to break 
ground in just a matter of months, and it will take about 3 years to convert the existing 
fertilizer manufacturing process to a coal-fed gasification system and add an FT plant to 
also produce fuels. After conversion, we will increase ammonia production capability 
from 830 tons per day to 1,000 tons per day while producing 1,200 to 2,000 barrels per 
day of ultra clean FT fuels, with the possibility of ramping up to over 5,000 barrels per 
day. Our construction schedule anticipates the plant operating in the new configuration 
by 2010, making it the first commercial scale plant in the US producing these fuels 

The conversion will take an investment approaching 1 billion dollars. It will nearly 
double the number of full-time high-paying union jobs currently at the plant, and employ 
nearly 1,000 construction workers at its peak. REMC is the highest paying employer in 
the Greater Dubuque area. 

Rentech is doing more than just building a first-of-its-kind plant, saving jobs, saving an 
industry and creating a new domestic fuel source. We are a company that is also 
committed to doing what is right. That is why we have been examining the ways that we 
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can reduce the greenhouse gas footprint of these plants. Using coal as a primary 
feedstock has many positive attributes - it allows us to sustain the domestic manufacture 
of fertilizer, it creates additional jobs in the American coal industry, and it is an abundant 
local resource being utilized effectively and cleanly. At the same time, using coal does 
create more greenhouse gases - but the great advantage of the technology is that those 
greenhouse gases can be contained during manufacture . 

Fertilizer plants capture and sequester carbon dioxide in their products. At East Dubuque 
we use some of the carbon to manufacture our UREA and fertilizer products, where it 
helps fuel the growth of the food crops that dominate our region of the Midwest, most 
notably com. Next, we capture additional CO 2 produced during manufacturing, clean it 
and compress it, and sell it to the food and beverage industry. We will continue with our 
capture program after the conversion, but the extent of those carbon solutions are unique 
to East Dubuque and the co-production of fertilizer and FT fuels. 

For our future proposed projects, Rentech’s engineers are working on recycling 
configurations that maximize the capture of CO 2 during manufacturing. Our second 
proposed plant, in Natchez, Mississippi, is near oil fields where Enhanced Oil Recovery 
would allow productive use and sequestration of all of the CO 2 captured. The potential 
for carbon capture and sequestration is also a critical factor in our consideration of the 
potential of other future sites. Rentech is focusing our development efforts on projects 
with realistic CO 2 capture and sequestration opportunities. 

As capture rates approach 80-85 percent, the total wells-to-wheels emissions of our diesel 
is comparable to conventional diesel - and a marked improvement over gasoline. 
Remember - in usage, our diesel actually emits less carbon dioxide per mile than 
conventional diesel. And there are early projections that mixing in 1 0 percent biomass 
with the feedstock could result in even more noticeable reductions in greenhouse gases. 

A couple of quick statistics - if every vehicle on the road today were using a diesel 
engine, run on FT fuel manufactured with 80 percent carbon capture and 1 0 percent 
biomass, we would reduce the transportation emissions from those vehicles by 5-6 
percent over conventional diesel - and 30 percent or more over gasoline. If we switched 
to diesel hybrid engines - using technologies available today, not waiting to be invented 
- we could reduce greenhouse gas emissions by well over half in those same vehicles 
compared to using gasoline engines. And let me be clear - 1 am talking total emissions - 
wells to wheels. That is the potential of these fuels and this process. 

The investment that is required to make good on this promise though, is tremendous. I 
mentioned already that it will cost nearly a billion dollars to convert the East Dubuque 
fertilizer plant. Plants with a bigger production capacity built from scratch would cost 
even more. And the additional costs to ensure that we are optimizing carbon capture and 
sequestration can be significant as welt. 

While Rentech is developing our plants — at East Dubuque and beyond - primarily with 
private capital investments, active support from both the state and federal governments is 
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critical to developing this industry. We were able to move East Dubuque forward 
because of initial feasibility study help from the State of Illinois. As we developed 
potential financing packages for the conversion to industrial gasification, we hoped to use 
the provisions of EPAct 2005, including the 48B investment tax credit. 

As you know, however, the 48B program was capped at $350 million last year. And it 
was oversubscribed - dramatically. Applications totaled $2.7 billion. Unfortunately, that 
meant that a lot of great applications, like ours, didn’t get any funding at all. Although it 
is not completely clear because some of the awards were kept secret, it seems that most 
of the funding went to traditional applications ~ not the sort of technological advances 
that could represent breakthrough new gasification industries for the US. 

From that experience, we draw two complementary recommendations - first, raise the 
cap on the credit so that more projects, especially those that could revolutionize the 
industry, can he funded. We strongly recommend a significant increase of at least double 
or more. Second, specifically clarify that gasification tied to FT is a permissible use. In 
fact, we would suggest that the Congress consider designating a specific portion of the 
industrial gasification tax credit to FT development. 

One of the most important potential users of our diesel and jet fuels is the U.S. military. 
The strategic advantages to a stahly-priced domestic source of fuel that has all of the built 
in advantages of FT - storage life, biodegradability, and reduced emissions - are obvious. 
In fact, some of the biggest reductions in potential emissions - both greenhouse gases as 
well as regulated criteria emissions - have been noted in tests in military vehicles. We 
appreciate Congressional support for longer-term military contracting authority that 
would allow for the kind of stable investment climate to start up these plants. 

Next, we must recognize that finding appropriate means to capture and sequester 
greenhouse gases is a critical challenge for every major heavy industry in our country and 
indeed around the world. We have two additional recommendations that could help 
ensure that the United States remains competitive in a carbon-constrained world - and 
indeed, that our nation leads the way environmentally. First, recognize that advances in 
carbon sequestration options have applications across a wide range of industries and fund 
basic research into promising applications. Second, offer incentives for companies - like 
Rentech - that are taking the lead and including carbon capture and sequestration 
technologies in their plant designs. 

Two tax incentives - an FT-specific variant on 48B and a deduction for the cost of carbon 
capture and sequestration equipment - paired with longer military contracting authority 
could set the stage for rapid development of this industry and have far-reaching 
consequences for our national security. We could more effectively utilize domestic 
resources. We could reduce our dependence on foreign oil, with all the associated 
consequences — diplomatic, economic and military. And we could maintain key 
industrial sectors in a way that is far more beneficial to the long-term stability of our 
environment. 
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And finally. I’d like to throw in one more potential advantage that is unique to what we 
are doing in East Dubuque. At that plant we are really producing two fuels - one for 
transportation, the other for our food crops in the form of the fertilizers that are necessary 
for their growth. As our nation meets the economic and enviromnental challenges of this 
new century, we can’t afford to lose our independence in either area. So I issue an 
invitation to each of you and your staffs - anytime you would like to see what we are 
doing, please come. We are proud of our products, proud of workforce, and proud that 
we are a good neighbor to the Mississippi River and to our local communities. 

Thank you very much for your time this afternoon. 
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Environmental Performance Characteristics of Fischer-Tropsch Fuels 

Abstract 

Fischer-Tropsch (FT) diesel and jet fuels can be produced from a variety of abundant American 
resources — coal, petroleum coke, biomass, solid wastes, and natural gas - in a manner that 
produces significant environmental benefits over similar fuels derived from imported oil. In 
vehicle usage, FT fuels emit fewer greenhouse gases per mile than conventional gasoline, diesel, 
or jet fuels. Diesel engines run on FT yield large reductions in all criteria emissions (particulate 
matter, nitrogen oxides, carbon monoxide, and hydrocarbons). When manufacturing processes 
are designed to maximize carbon capture and storage, FT fuels produce total greenhouse gas 
emissions (carbon dioxide, carbon monoxide, nitrogen oxides, and hydrocarbons) that are 
comparable to or better than "wells-to-wheels ’’ emissions of fuels from oil. Using biomass as a 
portion of the feedstock can create a greenhouse gas emissions footprint dramatically smaller 
than conventional fuels. Because FT fuels can be used in legacy, current and advanced diesel or 
turbine engines without modification to the engine, transported using existing infrastructure, and 
blended in any proportion with conventional fuels, they are uniquely poised to play a significant 
role in reducing U.S. dependence on foreign oil in an environmentally beneficial manner. 

Introduction 

The chemistry underlying Fischer-Tropsch (FT) fuels was developed in 1923 in Germany by 
Professor Franz Fischer and Dr. Hans Tropsch. In the process, synthesis gas which is 
predominantly composed of carbon monoxide and hydrogen is passed by a catalyst (usually 
cobalt or iron), forming hydrocarbon chains and water. In the most basic form, the synthesis 
reaction can be written as CO + 2 H 2 > CH 2 + H 2 O. The hydrocarbon chains yielded by the FT 
synthesis will be of various lengths (CH4, C2H6, CjHg, etc.) and exit the reaction as liquid 
hydrocarbons (including paraffinic or olefinnic waxes, which are common household and 
manufacturing materials). The liquid hydrocarbon product from the FT synthesis is high quality, 
with almost no sulfur, nitrogen and aromatic impurities, making it an ideal hydrogen-rich source 
for producing low-emission, clean-burning fuels. 

Synthesis gas to feed into the FT reactor can be gasified from any number of carbon-bearing 
resources, including natural gas, coal, petroleum coke, solid wastes and biomass. Gasification 
systems are optimized for different feedstock resources, but a characteristic of all current 
commercially-available systems is that the more consistent the feedstock is, the more efficient 
and stable is the process of synthesis gas conversion. The syngas produced is essentially 
identical no matter which feedstock is used. 

Once the syngas has been transformed into FT liquids, a number of refining routes can be used to 
transform the FT product into usable fuels. Those clean fuels include naphtha, premium diesel, 
and ultra-clean jet fuel. Because the FT reactor process is corrupted by the presence of 
contaminants such as sulfur and aromatics, those elements must be removed before the syngas is 
passed through the FT reactor and are thus reduced significantly in the premium FT fuels that are 
produced. 
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Characteristics of FT Fuels 

FT diesel and jet fuels are non-toxic, water white, highly pure hydrocarbons. They are 
biodegradable. They are chemically stable and can be stored for extended periods of times. 
While FT fuels can be stored for years, conventional diesel and oil-derived fuels begin to 
decompose in a matter of months. FT fuels are therefore ideal candidates for strategic reserves 
for both military and domestic first responder use. 

Compared to conventional fuels, FT fuel has a lower density due to the lack of aromatics, and a 
higher heating (BTU) value due to the higher hydrogen content. There is also a slightly lower 
carbon content than conventional diesel. The direct comparisons, from a peer-reviewed study by 
Southwest Research Instimte, are: 


Property 

Conventional Diesel Fuel 

FT Diesel Fuel 

Carbon Content 

86.82% 

84.69% 

Hydrogen Content 

13.18% 

15.31% 

Net Heating Value, BTU/lb 

18,400 

18,900 

Density, g/mL 

0.84 

0.77 


Source: Southwest Research Institute. 


A joint study by major European automakers and Institut Francais du Petrole (IFF)' presented in 
2007 reported similar heating values and density, and also included more detailed analysis of 
additional characteristics: 


Property 

Conventional Diesel Fuel 

FT Diesel Fuel 

Cetane Number 

55 

>75 

Cetane Index 

58 

>82.5 

Heating Value, MJ/kg 

42.85 

43.59 

Density, @ 15oC, Kg/m3 

841.7 

775.4 

Viscosity, 40oC, mms2/s 

3.675 

2.197 

Sulfur, Mg/kg 

42 

18 

Total Aromatics 

39.4% 

0.5% 


Source: ACEA-Eucar^ 


The higher cetane values (which are similar to octane values in gasoline) and heating values 
reflect that FT diesel contains higher energy content than conventional diesel. FT fuels have a 
slightly lower density than conventional diesel, requiring a volumetric increase of 7-8% to 
operate a typical diesel engine; diesel powered vehicles, however, enjoy a 20-30% or more fuel 
consumption advantage over gasoline internal combustion engines. Because emissions are based 
on the mass of fuel consumed, not the volume, and because FT diesel enjoys both a higher 
energy value content and drastically lower contaminant levels, using FT diesel results in 
markedly lower emissions per mile driven than conventional diesel. 

Conclusion 1: FT diesel offers significant advantages over conventional diesel 
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Criteria Emissions 

The study conducted by Southwest Research Institute’ found a wide range of emissions 
reductions for FT diesel relative to EPA Certification Diesel Fuel, depending upon the engine 
used, driving conditions, and other study parameters. All greenhouse gas emissions were 
reduced, including carbon dioxide. Those representative emissions benefits were; 


Emission 

Range of Reduction for FT Fuel 
vs. EPA Certification Diesel 

Particulate Matter (soot) 

20-60% 

Nitrogen Oxides (NOx) 

5-20% 

Carbon Monoxide (CO) 

20-50% * 

Fiydrocarbons (HC) 

25-50% * 

Carbon Dioxide (CO 2 ) 

3-4% 


Source: Southwest Research Institute * VW studies show bigger cuts' 


A study by the U.S. Army evaluating 6L diesel engines in off-road military vehicles yielded 
similar results; 


Emission 

Reduction at Idle 

FT diesel vs, EPA L«w 
Sulfur Diesel 

Reduction at Cruise 

FT diesel vs. EPA Low 
Sulfur Diesel 

Particulate Matter (soot) 

55 % 

52% 

Nitrogen Oxides (NOx) 

13% 

15% 

Carbon Monoxide (CO) 

45% 

60% 

Hydrocarbons (HC) 

62% 

72% 

Carbon Dioxide (CO 2 ) 

4 % 

17% 


Source: U.S. Military Testing Data^ 


According to the 2007 IFF study^, FT fuels “show a very high potential for reducing CO, FIC, 
and PM emissions, as well as for realizing a much more favorable NOx/PM trade-off without the 
commonly observed associated penalties in fuel efficiency.” Additional real world driving tests 
by Sasol (vehicles driven from South Africa to Qatar) and VW/Shell (vehicles driven on-road in 
Germany)’ found criteria emission reductions in the same range. All greenhouse gas emissions 
were reduced, and there was a consistent 2-4% reduction in CO 2 from the tailpipe. 

Conclusion 2: FT diesel yields significant reductions in all criteria emissions over 
conventional diesel, in some cases exceeding cuts of half or more. 


Conclusion S: In vehicle usage, FT diesel offers a small reduction in direct CO 2 emissions 
over conventional diesel, as well as emission reductions in all other greenhouse gases. 
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Vehicle Usage: Greenhouse Gas Emissions Comparison of FT Diesel to Gasoline 

In 2004, a study was conducted for Toyota* by Mizuho Research Institute in Japan that compared 
greenhouse gas emissions of a wide range of conventional and alternative fuels, including FT 
fuels made from coal (without carbon capture and storage). The summary chart from that report, 
available at rvwvv.mizuho-ir.co.iti/english . was captured from the Institute’s website and is 
reproduced below: 
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-iCE 
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Figure We!i-to-Wheel GHG emisskwis under fixed conditions of driving sedan type vehicles 
Source: Mizuho Research Institute^ 


That report breaks down the total greenhouse gas emissions into production components (“well- 
to-tank”) and vehicle usage (“tank-to-wheel”), and uses gasoline as the standard for comparing 
all other fuels. The evaluation was based on a four-door sedan, and on vehicle miles driven. The 
total emissions of greenhouse gases (GHG) were measured, using a CO 2 equivalency (where all 
gases are converted to the equivalent impact of CO 2 to standardize measurements for 
comparisons). For every gram of C02-equivalent GHG emissions from gasoline, 0.1 3g came 
from production (drilling, refining, and transportation) and 0.87g came from vehicle use (emitted 
from the tailpipe after combustion). To travel the same distance that it took for a gasoline 
internal combustion engine to emit Ig of GHG (total, “wells-to-wheels”), a conventional diesel 
engine would emit 0,75g of GHG, a 25% reduction overall. 
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Comparing only vehicle usage figures (“tank-to-wheel”), diesel emits 0.69g to travel the same 
distance as gasoline (0.87g), a 21% reduction in emissions from the tailpipe. The same vehicle 
using FT Diesel made from coal (labeled “Coal > FTD-ICE” on the graph on the previous page) 
would emit 0,67g of GHG in the same distance, a 3% reduction over conventional diesel and a 
23% reduction over gasoline. Those figures for tailpipe emissions are consistent with the real 
world tests referenced earlier. 


Comparative Greenhouse Gas Emissions from Vehicle Usage 



The wells-to-wheels emissions for FT Diesel made from coal, however, are higher (1.3g for FT 
diesel, compared to gasoline’s l.Og and conventional diesel’s 0.75g). Those figures are for FT 
Diesel made from coal without any capture, mitigation or sequestration of greenhouse gases 
during manufacture. 

Total Greenhouse Gas Emissions: NO Carbon Capture or Storage 



Based on the figures established for the Toyota sludy*\ capturing and storing 48% of the 
greenhouse gas emissions during manufacturing would make FT Diesel equivalent to overall 
gasoline GHG emissions, and capturing and storing 87% would make FT Diesel equivalent to 
overall greenhouse gas emissions from conventional diesel. 


Conclusion 4: In vehicle usage, FT Diesel significantly outperforms gasoline on total 
greenhouse gas emissions. 


Conclusion 5: Manufacturing FT Diesel from coal requires mitigation of greenhouse gases to 
be comparable to similar emissions for conventional fuels. 
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FT Diesel and FT Jet Fuel: Reducing Emissions from Production 

A U.S. Department of Energy National Energy Technology Laboratory (NETL) report'^ titled 
“Life-Cycle Greenhouse-Gas Emissions Inventory for Fischer-Tropsch Fuels” by John Marano 
and Jered Cifemo makes a comparison similar to the Toyota study. This report, produced in 
2001, made several specific assumptions about the wells-to- wheel greenhouse gas analysis 
(including hypothetical locations of production plants) and also converted all greenhouse gas 
emissions to CO 2 equivalencies. As in the later Toyota study, the basis for all estimates was 
vehicle-miles driven, but instead of utilizing figures for a four-door sedan, the values were for a 
.sport utility vehicle (SUV). Different baseline assumptions resulted in the NETL report 
attributing a higher level of greenhouse gas emissions to production. This chart also assumes 
that there is no carbon capture and storage during FT production. 


B Extraction/Production ■ Conversion/Refining 

□ Transport./Distribution O End Use Combustion 

Source: US. Department of Energy, National Energy Technology Laboratory’ (NETL) 

The figures in the NETL report'* assumed that FT Diesel produced about the same greenhouse 
gas emissions in vehicle usage as conventional diesel (around 36Sg C02-eq/mile in an SUV); as 
noted earlier, both theoretical studies and real world data show a 3% or more dilferentia! in favor 
of FT Diesel. The total “wells-to-wheels” greenhouse gas emissions of FT Diesel made from 
Illinois #6 coal were 939g C02-eq/mile, compared to 509g COa-eq/mile for conventional diesel 
made Ifom Arab Light Crude. Light crudes are becoming less available and heavy crudes (with 
higher emissions) are becoming the norm, but this paper will use the Arab Light Crude figures 
for comparison. 
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The NETL report’*’ assumptions resulted in 543g COa-eq/mile of greenhouse gas emissions being 
attributed to manufacturing (the “Conversion/Refining” figures on the graph). To be equivalent 
to the total greenhouse gas emissions from conventional diesel refined from Arab Light Crude, 
79% of the greenhouse gases (almost exclusively CO 2 ) produced during manufacture of FT 
Diesel would need to be captured and stored. In the NETL report, Marano-Cifemo 
demonstrated that simple efforts to capture and sequester CO 2 will lead to total greenhouse gas 
(GHG) emissions for FT fuels below that of conventional fuels. 


Coinpartsoa of Strategies for RedaringGHG Emissloiis for FT Diesel 
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Source: U.S. Department of Energy, National Energy Technology Laboratory (NETL)^^ 


Tlie above chart shows numerous ways in which GHG emissions can be reduced for FT fuel 
production. For the comparisons above, a GHG reduction of 46% overall (to 509g C02-eq/mile) 
would make total greenhouse gas emissions from FT equivalent to the total GHG emissions 
produced from diesel refined from Arab Light Crude, so each scenario pictured reduces GHG 
from FT significantly below conventional diesel. Marano-Cifemo'* assumed that only 55% of 
CO 2 from manufacturing would be captured and stored ([E] in the graphs above). Since 2001, 
however, technology process designs have improved. Recent designs that recycle gases through 
the FT reactor allow for CO 2 capture rates from gasification and FT processing approaching 80% 
levels - the levels required to be equivalent to total GHG of diesel from Arab Light Crude and to 
be better than diesels made from heavy crude according to the NETL report. 



Conclusion 6: CTL and FT process designs that maximize CO 2 capture during manufacture 
of FT Diesel can reduce total greenhouse gas emissions to levels at or below conventional 
diesel (and far below gasoline). 
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FT Diesel from Coal and Biomass - Dramatic Reductions in CO 2 Emissions 

From Nature, Vol. 444, 7 December 2006”: 

“...there is still the appealing option of spiking coat feedstock with biomass. 

Coupled with carbon sequestration, this would reduce greenhouse gas emissions 
without requiring much change to existing technology, says Robert fVilliams, a 
researcher at Princeton University’s Environmental Institute. Williams has calculated 
that a mixture of 89% coal and 11% biomass could reduce carbon emissions by 19% 
relative to using the same process with coal only. ’’ 

A number of recent scientific papers^” have outlined the benefits of producing synthesis gas from 
biomass, and the potential for dramatically reducing overall greenhouse gas emissions by co- 
processing coal and biomass through gasification and the FT process. A 100% biomass 
gasification system that included full sequestration during manufacturing would have a net 
negative overall GHG emissions profile - meaning that cars driving on FT fuel produced from 
such a system could actually be responsible for a net reduction of greenhouse gases, even though 
they emitted CO 2 at the same rate as conventional diesel. At the current time, however, a 1 00% 
biomass system is not economically feasible, and the variation in biomass makes a stable 
gasification process exceptionally difficult. There are also a number of questions that have been 
raised about the net energy value of some forms of biomass, given the energy content that goes 
into raising, harvesting and transporting crops. 

Nonetheless, Robert H. Williams and Eric D. Larson of the Princeton Environmental Institute of 
Princeton University have demonstrated^' over the past year that including biomass in the 
feedstock of an FT process, even in relatively small percentages, can yield a significant reduction 
in the GHG profile of both the manufacturing process and the fuel produced. In the June 2006 
paper^^ titled “Synthetic fuels in a world with high oil and carbon prices,” Williams, Larson and 
their colleague Maiming Jin from TX Energy concluded: 

“With CCS, the GHG emission rate for coal F-T liquids could be reduced to about the 
rate for crude oil-derived fuels. The net GHG emission rate could be reduced further, to 
near zero, via co-processing biomass and coal with CCS so as to exploit the negative 
emissions of storing photosynthetic CO 2 .” (Emphasis added.) 

Even using far more conservative estimates for the potential greenhouse gas reduction 
achievable, adding as little as 10% biomass to a predominantly coal feedstock can significantly 
reduce the total GHG emissions of FT fuels. The chart on the next page demonstrates the effect 
when biomass is included in the calculations of the Toyota study (which required higher 
sequestration levels during manufacturing than the NETL study to achieve parity with 
conventional diesel). Since the Toyota study did not include a coal plus biomass mix, NETL 
data on co-processing with biomass was converted proportionally for that comparison. 
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Total GHG Emissions: FT with 80% CCS and Biomass Co-feed 



II Tank to Wheels 

1 Biomass Cofeed 

□ With Seizes tration 

S Well to Tank 


When FT fuels are produced with 80% carbon capture and storage during manufacturing, and the 
conservative biomass co-feed GHG reductions utilized in the NETL study^"* are combined, the 
total “wells-to-wheels” GHG emissions drop to almost 10% below conventional diesel and are 
more than 30% below the identical vehicle with a gasoline internal combustion engine. If the 
figures cited by Robert Williams in the Nature article^’ quoted on the previous page are used, the 
total GHG emissions of FT Diesel made predominantly from coal drops to nearly 15% below 
conventional diesel and almost 40% below gasoline. 


Conclusion 7: When carbon capture and storage are maximized during manufacturing, and a 
small percentage of biomass is included as a co-feed, FT Diesel made predominantly from 
coal has significantly smaller GHG emission levels than conventional fuels derived from oil. 
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Advanced Diesel Engines and Hybrids 

In the NETL chart^'’ comparing strategies for reducing GHG emission of FT Diesel reproduced 
on page 7 of this paper, the final step of every strategy was to utilize the fuel in an Advanced 
Diesel Engine. The IFF report^^ reinforced the potential for achieving additional reductions in 
emissions by improring engine technology, noting that FT fuels have . .still-unexploited 
potential for extraordinary reductions of exhaust emissions if the engine control software is 
optimized and easily accessible engine parameters are recalibrated, e.g. EGR rate and injection 
timings.” 

The Toyota study confirmed that gasoline hybrid engines could reduce GHG emissions by more 
than 50% over standard internal combustion engines, and that diesel hybrids could achieve 
similar reductions. The chart^* reproduced on page 4 of this paper demonstrates that 
conventional diesel fuel utilized in a diesel hybrid has more than 60% less total GHG emissions 
than gasoline used in a standard internal combustion engine. When FT Diesel that is 
manufactured with 80% CCS and biomass co-feed is used, the total GHG emissions reduction 
over gasoline internal combustion engines exceeds 65%. 


Total GHG Emissions; FT Diesel with 80% CCS & Biomass in a Hybrid Engine 



Source: Mizuho Research Institute, including NETL data‘‘‘ 
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The hybrid technologies examined in the Toyota study were commercially-available diesel 
hybrid engines. It is easy to project that advanced hybrids that are calibrated specifically for FT 
Diesel could approach or exceed a 70% reduction in total GHG emissions over a gasoline 
internal combustion engine in the same vehicle, when the FT Diesel is manufactured to 
maximize CO 2 reductions. 


Conclusion 8: Using hybrid technology available today and manufacturing FT Diesel to 
optimize CO 2 reductions, FT fuels from coal could achieve emissions reductions that 
significantly exceed the goal of cutting transportation emissions by half over today’s gasoline 
internal combustion engines. 
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Concluding Notes 

FT fuels manufactured from abundant American resources hold great promise. They can help 
reduce U.S. dependence on imported oil, while simultaneously offering significant 
environmental advantages. For criteria emissions, those advantages include some cuts of more 
than half in existing engines without modification. For greenhouse gas emissions, the unique 
capabilities of capturing CO 2 in the manufacturing process - both in gasification and FT 
synthesis - means that fuels could be produced that significantly reduce total “wells-to-wheels” 
GHG emissions over conventional fuels. 

FT fuels musf be made with extremely low sulfur contenfs because of the negative effects of 
sulfur in the FT reactor. Removing sulfur from fuels, however, also reduces lubricity. FT Diesel 
can be mixed with a number of other conventional or alternative fuels to counter that effect. 
Adding approximately 5-10% biodiesel, for example, would restore the lubricity properties of 
ideal fuels. That will help grow the market for biodiesel, and further reduce the overall GHG 
emissions of FT fuel. 

Combining the potential of FT with the inherent GHG reductions achievable with biomass can 
offer even greater promise. Currently, 100% biomass FT processes are not feasible, because of 
the inherent variation in biomass (which impedes the consistency that allows gasification 
systems to be optimized) and because of the quantities of biomass which would be required 
(which eliminates some of the GHG emissions profile gains because of transportation and other 
production costs). The combination of biomass with fossil resources however allows production 
of FT fuels to achieve the best of both - the economic prices of abundant resources and the GHG 
emissions reductions of biomass. It also helps to jump-start a new component of the biofuels 
industry, to develop the technology base for potentially increasing the biomass percentages in FT 
fuels, and to increase the potential that 100% biomass systems with net negative GHG emissions 
could be feasible in the future. 

All of this can be done in the context of current engines, current distribution systems, and current 
technology. While there are many proposals for reducing greenhouse gases from transportation 
use, one of the major stumbling blocks to achieving the goals set forth is the reluctance of the 
public to adopt new technologies and unproven systems. The incremental achievements that can 
be achieved with FT, and the potential for even greater improvements as FT systems are 
developed, offer a significant short-term improvement and could provide the impetus for even 
greater long-term change. 


‘ Joint study by European automakers and Institut Francais du Petrole (IFF), (SAE 2007-01-0035), presented to 
Society of Automotive Engineers, meeting in South Africa in 2007. Cited by Diesel Fuel News, Vol. 1 1 , Issue 6, 12 
March 2007. www.worldfuels.com . 

^ Ibid. 

^ Southwest Research Institute. 

4 

From page 22 of the report “Synthesis Gas from Biomass for fuels and chemicals,” prepared for the International 
Energy Agency (lEA) from proceedings of the May 2005 SYNBIOS Conference in Stockholm, Sweden by A. van 
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der Drift and H. Boerrigter, January 2006: "Volkswagen focuses on Fischer-Tropsch diesel as the second 
generation biofuel. It is called ‘‘sunfueV’ or "sundiesel" [16], This is chemically identical to Fischer-Tropsch 
diesel ("synfuel ’) made from gas (GtL) or coal (CtL). Fleet tests performed by Volkswagen with Fischer-Tropsch 
diesel show significant improvements compared to conventional low-sulphur fossil diesel. CO and hydrocarbon 
emissions reduced by 91 % and 63%. The emission of particulates reduced by 26%) and even NOx was reduced by 
6% [55]. These improvements add up to the original COrcmission reduction argument to use biomass-based 
Fischer-Tropsch diesel (sunfuel). Renault has also performed tests where the reduction of soot emissions was 
shown when Fischer-Tropsch diesel wa5 used compared to fossil diesel [55]. ” The cites [16] and [55] refer to 
specific papers presented at the conference. 

^ Data from U.S. Army tests. 

^ Joint study by European automakers and Institut Francais du Petrole (IFF), (SAE 2007-01-0035), presented to 
Society of Automotive Engineers, meeting in South Africa in 2007. Cited by Diesel Fuel News, Vol. 11, Issue 6, 12 
March 2007. www.worldfuels.com . 

“Synthesis Gas from Biomass for fuels and chemicals,” prepared for the International Energy Agency (lEA) from 
proceedings of the May 2005 SYNBIOS Conference in Stockholm, Sweden by A. van der Drift and H. Boerrigter, 
January 2006. 

® “Well-to- Wheel Analysis of Greenhouse Gas Emissions of Automotive Fuels in the Japanese Context”, prepared 
for Toyota Motor Corporation by Mizuho Information & Research Institute, Inc., November 2004. www.mizuho- 
ir.co.jp/english/ . 

’ Ibid. 

*Mbid. 

"Ibid. 

Ibid. 

" “Life-Cycle Greenhouse -Gas Emissions Inventory For Fischer-Tropsch Fuels” Prepared for US Department of 
Energy National Energy Technologies Laboratory (NETL) by Energy and Environmental Solution, LLC, John J. 
Marano and Jared P. Cifemo, June 200 1 . 

Ibid. 

‘®Ibid. 

'^Ibid. 

" Ibid. 

'®Ibid. 

“Making it up as you go along. Chemists can make liquid fuel from biomass - or from coal,” article authored by 
Heidi Ledford, Nature, Vol. 444, 7 Dec 2006. 

“Synthesis Gas from Biomass for fuels and chemicals,” prepared for the International Energy Agency (lEA) from 
proceedings of the May 2005 SYNBIOS Conference in Stockholm, Sweden by A. van der Drift and H. Boerrigter, 
January 2006. 
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“Gasification-Based Biorefineries Integrated with Pulp Mills,” a presentation to the First Wednesday Seminar at 
Resources for the Future, Washington, DC by Eric D. Larson of the Princeton Environmental Institute, Princeton 
University, 4 April 2007. 

“Synthetic fuels in a world with high oil and carbon prices,” a paper prepared for the 8* International Conference 
on Greenhouse Gas Control Technologies, Trondheim, Norway, by Robert H. Williams, Eric D. Larson, and 
Maiming Jin of the Princeton Environmental Institute, Princeton University and TX Energy, Houston, TX, June 

2006. 
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“Synthetic fuels in a world with high oil and carbon prices,” a paper prepared for the 8* International Conference 
on Greenhouse Gas Control Technologies, Trondheim, Norway, by Robert H. Williams, Eric D. Larson, and 
Maiming Jin of the Princeton Environmental Institute, Princeton University and TX Energy, Houston, TX, June 

2006. 
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on Greenhouse Gas Control Technologies, Trondheim, Norway, by Robert H. Williams, Eric D. Larson, and 
Maiming Jin of the Princeton Environmental Institute, Princeton University and TX Energy, Houston, TX, June 
2006. 

Combination of data from “Well-to-Wheel Analysis of Greenhouse Gas Emissions of Automotive Fuels in the 
Japanese Context”, prepared for Toyota Motor Corporation by Mizuho Information & Research Institute, Inc., 
November 2004. www.mtzuho-ir.co.iD/enaiish/ . and “Life-Cycle Greenhouse -Gas Emissions Inventory For 
Fischer-Tropsch Fuels” Prepared for US Department of Energy National Energy Technologies Laboratory (NETL) 
by Energy and Environmental Solution, LLC, John J. Marano and Jared P. Cifemo, June 2001. 

“Life-Cycle Greenhouse -Gas Emissions Inventory For Fischer-Tropsch Fuels” Prepared for US Department of 
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“Making it up as you go along. Chemists can make liquid fuel from biomass - or from coal,” article authored by 
Heidi Ledford, Nature, Vol. 444, 7 Dec 2006. 
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Joint study by European automakers and Institut Francais du Petrole (IFP), (SAE 2007-01-0035), presented to 
Society of Automotive Engineers, meeting in South Africa in 2007. Cited by Diesel Fuel News, Vol. 1 1 , Issue 6, 1 2 
March 2007. www.worldfuels.com . 
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Combination of data from "Well-to-WheeJ Analysis of Greenhouse Gas Emissions of Automotive Fuels in the 
Japanese Context”, prepared for Toyota Motor Corporation by Mizuho Information & Research Institute, Inc., 
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Fischer-Tropsch Fuels” Prepared for US Department of Energy National Energy Technologies Laboratory (NETL) 
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54 


Prepared for S''’ International Conference on Greenhouse Gas Control Technologies, Trondheim, Norway, 19-22 June 2006 


Synthetic fuels in a world with high oil and carbon prices 
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Abstract 

Four carbon management options are investigated for making Fischer-Tropsch fuels plus electricity: 
three processing coal and one co-processing coal and biomass. Energy and carbon balances are 
estimated. Economic analyses are carried out for carbon prices of $0 and SI 00 per tonne of carbon. 
Both levelized costs and internal rates of return on equity are estimated with CO 2 vented, and with 
CO 2 captured and stored in saline aquifers, and with CO 2 captured and used for enhanced oil 
recovery. Comparisons are made with coal integrated gasifier combined cycle power plants. When 
the carbon price is $100 per tonne of carbon, the co-processing option is the most economically 
attractive option for making Fischer-Tropsch liquids. Even at zero carbon price enhanced oil 
recovery applications of captured CO 2 will often be economically attractive where such 
opportunities exist. Enhanced oil recovery is a sufficiently large and economically interesting niche 
in the USA (and perhaps elsewhere) that it could enable wide near-term experience with 
gasification-based energy and carbon capmre and storage technologies. 

Keywords: coal, biomass, Fischer-Tropsch, gasification, CO 2 , EOR 


Introduction 

Carbon management options are investigated for Fischer-Tropsch (F-T) liquids — synthetic fuels 
that have attracted interest in light of high oil prices and oil supply security concerns. 

The system configurations investigated are “polygencration" units that use commercial “once- 
through” liquid-phase reactors with iron-based catalyst for synthesis of F-T fuels from syngas. The 
syngas unconverted in a single pass is used to make co-product electricity in a combined cycle 
power plant. Liquid-phase synthesis reactors and once-through synthesis configurations are well- 
suited for use with CO-rich syngas — such as that derived from coal via gasification. 



Export 

Electricity 


'Phree carbon management options for systems using only coal are considered: one that vents the 
CO 2 coproduct (C-FT-V); one (Figure la) that captures CO 2 and stores it underground (C-FT-C); 

and one that involves 
co-capture and 

underground co- 
storage of CO 2 and 
H 2 S (C-FT-CoC). In 
a fourth option 
(Figure lb) coal and 
biomass are co- 
processed with co- 
capture and under- 
ground co-storage of 
CO 2 and H 2 S (C/B- 
FT“CoC). For the co- 
processing option H 2 
from biomass supple- 
ments Fh-deficient 
coal syngas in 


Figure la; Process configuration for C-FT-C energy system. 
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Figure lb: Process configuration for C/B-FT-CoC energy system. 
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making F-T liquids, exploiting the negative emissions potential of CO2 capture and storage (CCS) 
for biomass [1], 

The biomass calculations are for switchgrass, which was also investigated in a companion 
bioenergy study [ 1 ]. Results for crop residues (an early market opportunity for biomass) are likely 
to be similar to the findings presented for switchgrass. 

Energy and carbon balances are estimated. The economic analyses include calculations of both 
levelized costs and internal rates of return on equity. In the economic analyses aquifer storage (CO2- 
AqS) and enhanced oil recovery (CO2-EOR) are considered as alternative storage options. For CO2- 
EOR, comparisons are made to using CO2 from coal integrated gasifier combined cycle (IGCC) 
power plants. 

Methodology 

F-T liquids plants were modeled using: (/) AspenPlus chemical process simulation software to 
estimate detailed mass and energy balances and (it) AspenPinch software for system heat 
integration, A GE pressurized, 02-blown, entrained flow, quench gasifier (commercially available) 
is modeled for coal, C/B-FT-CoC involves modeling a separate pressurized, 02-blown, fluidized 
bed gasifier based on GTI’s technology (not yet commercial) for biomass but a sharing of other 
process equipment between coal and biomass. 

For C-FT-V, syngas from the gasifier is shifted to the extent that Fl2:CO = 2.25 for syngas entering 
the synthesis reactor — the value that maximizes conversion to liquid fuel. For CCS cases, FlalCO = 
2 . 75 — a value at which essentially all carbon (except in CH4) entering the synthesis reactor leaves 
as F-T products, and syngas conversion to liquids is only slightly below the maximum value. 

After shifting the syngas, CO2 and HjS are captured using Rectisol technology. The CO2 is dried 
and compressed or the CO2 -1- H2S are dried and compressed to 1 50 bar and tfansported 1 00 km to a 
site for storage in a saline aquifer 2 km underground or in conjunction with CO2-EOR. 

The products of F-T synthesis (light gases, naphtha, middle distillates, and waxes) are sent to an 
integrated refinery area, the final liquid products from which are gasoline and diesel blendstocks; 
the light (C1-C4) gaseous byproducts of refining plus the unconverted syngas exiting the synthesis 
reactor are burned for power generation in a combined cycle plant. 

For simulated energy and mass balances, installed capital costs were estimated for the four F-T 
plant configurations, assuming commercially-ready components for coal and fumre mature N'*' plant 
technology components for biomass. Capital costs were developed by sub-unit in each major plant 
area using a database developed from prior work [ 1 , 2 , 3 , 4 ], literamre studies, and discussions with 
industry experts. 

Energy quantities are expressed on a lower heating value (LHV) basis, except energy prices are on a 
higher heating value (HHV) basis — the norm for US energy pricing. All costs are in 2003 $. It is 
assumed that prices for coal and biomass (20% moisture content) are $1.35/GJhhv and $3.0/GJhhv 
(which is likely to be typical for many residue and dedicated energy crop applications), 
respectively. Energy system costs are estimated for greenhouse gas (GHG) emissions having 
monetary values of $0 and $ 1 00 per tonne of carbon equivalent (tCequiv). 

In systems producing both F-T liquids and electricity, allocation of GFIG emissions' and costs 
between the products is arbitrary. For the present analysis it is assumed that the GFIG emission rate 
assigned to electricity (gCequiv/kWh) is that for a stand-alone coal IGCC plant with CO2 vented (C- 
IGCC-V) in the C-FT-V case and for a coal IGCC plant with CO2 capmred (C-IGCC-C) in all 
capture cases. In estimating F-T liquids production costs at a given monetary value for GFIG 


' The GHG emissions include CO3 emissions from the plant and ultimate combustion of the F-T liquids and the CO2- 
equivalent GHG emissions upstream of the conversion plant. From the GREET model of the Argonne National 
Laboratory these are estimated as 1 .00 kgCequSv and 2.06 kgCequiv per GJ for coal and .switchgrass, respectively. 
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emissions, it is assumed that the value of the co-product electricity ($/kWh) equals the generation 
cost for the least-costly stand-alone C-IGCC power plant for that monetary value of GHG 
emissions. 


Table 1: F-T liquids productioo with CO2 vented or aquifer storage of CO2 (Base Case financing) 


Carbon flows {power balances) 


■bbqb 

Switchgrass input, kgC/s (MW) 


F-T liquids output. kgC/s (MW) 

21.1 (1035) 




Electric power output ( MW) 

(461.3) 

(429.9) 



Unconverted coal char, kgC/s 

0.74 




Coal CO2 emissions from plant, kgC/s 

52.5 

8.27 

6.94 

6.64 

Coal CO2 captured & stored, kgC/s 

[C02 capture rate for coal (CCRr), l CO2 /GJfti 1 

47.6 

10.1691 

49.0 

r0.1741 

28.3 

fo.ion 

Switchgrass CO2 captured and stored, kgC/s fC02 capture rate for switchgrass (CCRs), t CO2/GJ 

FT,.1 

22.3 r0.07911 

Fuel cycle GHG emissions, kgCerp,iv/GJi.Hv F*T liquids 
(relative to crude oil-derived hydrocarbon fuels) 





Fuel cycle GHG emission rate. gC^utv/kWh electricity 

2194 

28.8 

28,8 

28.8 


mom 

1M 

0 

MliM 

0 

— 

HQM 

f 

Electricity co-product value, jf/kWh 



■0^1 

I'M 

bb 

MCM 

bb 

beb 

Overnight construction cost, SIO'’ 

1647 

1797 

1639 

1678 

CO2 transport/storage cost, S/t CO? 

6.59 

6.47 

6.50 

F-T Liquids Production Cost, $/GJi mv 

Capital 

10.63 

il.63 

10.60 

10.87 

Operation and maintenance 

2.52 

2.76 

2.52 

2.58 



4.21 

4.20 

3.06 


2.86 




gjMiiail 

CO2 transport/siorage cost (CISC) 

1.11 

1.12 

IJ7 ____ 

GHG emissions cost I - ] 7.38 

HBIKIQi 



MfiM 

Credit for bio-COj storage 

msmI 


11.28 

15.96 

14,22 

14.82 

12,97 

13.46 

14.65 

12.85 



■iiciiai 



MliM 




Breakeven crude oil price, S/barrcl 

Bm 

61.7 

BB 


MEM 

MUM 


MnC'M 

Plant-gate CO2 cost = (NPCr - CISC - NPCv)/(CCRr + CCRs), $/t CO2 

BUI 




MW 



Cost estimates are for plants with an 80% capacity factor, financing with 55% debt (4.4%/y real 
cost) and 45% equity, a 30-year (20-year) plant (tax) life, a 38.2% corporate income tax rate, a 
2%/y property tax/insurance rate, and an owner's cost of 5.5% of the total installed capital cost. 
Base Case financing involves a 14.0% real rate of return on equity (ROE), so that the discount rate 
(real weighted after-tax cost of capital) is 7.8%/year, and the levelized annual capital charge rate is 
15.0%/year. Plant construction requires four years, with the capital investment committed in four 
equal payments, so that interest during construction is 12.3% of the overnight construction cost. 

Costs for CO 2 transport and for aquifer storage are based on a model developed by Ogden [5], 
assuming that the maximum CO 2 injection rate per well for the AqS-C 02 storage cases is 1000 
t/day, a typical value for mid-continental aquifers. 

Breakeven crude oil prices are estimated assuming that the F-T gasoline and diesel products (38% 
and 62% of liquids output, respectively) compete with gasoline and low-sulfur diesel derived from 
crude oil. The refining cost increment for this mix is $10.4 per barrel. 

For the CO 2 -EOR cases, captured CO 2 is transported 100 km and sold for EOR at a price in $ per 
10^ scf (1 tonne = 19 x 10^ scf) equal to 3% of the oil price in S/barrel — a “rule of thumb” for 
Permian Basin CO 2 -EOR (Velio Kuuskraa, ARl, private communication, December 2005). 
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With Base Case financing, the economic analysis identifies the crude oil price at which F-T liquids 
are competitive with gasoline and diesel. Electricity costs for coal IGCC power with CO 2 -EOR are 
also estimated with Base Case financing. The economic analysis is extended beyond Base Case 
financing to estimate the ROE as a function of oil price — assuming all financial parameters other 
than the ROE are the same as with Base Case financing. 

Findings 

Table 1 summarizes energy and carbon balances and the economic analysis with Base Case 
financing for systems with venting and aquifer storage of CO 2 . With CO 2 vented, the GHG 
emission rate is 1 .8 times that for crude-derived hydrocarbon (HC) fuels displaced, but for coal with 
CCS the rate is about the same as for these HC fuels, and for C/B-FT-CoC the rate is only 0.2 times 
that for displaced HC fuels. 

Notably, only 0.86 GJ of biomass is needed to make 1 GJ of F-T liquids via C/B-FT-CoC. This is 
far less than the biomass required to make conventional liquid biofuels^ and thus offers an attractive 
way to use scarce biomass resources to make liquid fuels with near-zero net GHG emissions. 

At $0/tC the C-FT-V option competes at $50 a barrel crude oil, but the CCS options require a much 
higher oil price to be economically interesting. However, at SlOO/tC [the GHG emissions price at 
which C-IGCC-C (C02-AqS) becomes competitive with C-IGCC-V — see Table 3], the C/B-FT- 
CoC option would compete at a $45/barrel oil price and provide F-T liquids at a plant-gate cost of 
$0.40/liter ($ 1 .5/gallon) of gasoline equivalent (ge). 

Plant-gate costs of CO 2 are low — $3-$12/t (Table 1), lower than for C-IGCC-C plants (see Table 
3) — suggesting that F-T liquids plants might be attractive sources of CO 2 for EOR projects. Table 2 
presents an economic analysis for F-T plants coupled to CO 2 -EOR with Base Case financing, 
showing that breakeven crude oil prices are in the range $37-$42/batTel for $0/tC (much lower than 
for C-FT-V, Table 1). Similarly, Table 3 shows that C-IGCC-C supporting CO 2 -EOR could provide 
less costly electricity than C-IGCC-V at $0/tC. 

Projects coupling gasification energy and CO 2 -EOR could help establish CCS technologies in the 
market even at a carbon price of $0/tC. Recent studies [8] estimated for 10 US basins/regions the 
economic (technical) CO 2 -EOR potential based on state-of-the-art technology to be 47 (89) billion 
barrels. The economic potential could support 4.3 million barrels/day of crude oil production for 30 
years (a typical lifetime for a gasification energy plant that might provide the needed CO 2 ). At the 
average CO 2 purchase rate of 0.21 t C02/barTel estimated in these studies, the required CO 2 could in 
principle be provided by 60 C-FT-C plants (Table 2) or 126 C-IGCC-C plants (Table 3). Although 
coupling gasification energy and CO 2 -EOR projects will not always be feasible, this “niche 
activity” would nevertheless be large enough to gain extensive early experience and teehnology cost 
buydown (learning by doing) for both gasification energy and CCS technologies. 

Figures 2a and 2b show the ROE as a function of oil price at $0/tC and $ 1 00/tC, respectively. At 
$0/tC, the C02-EOR-supporting options would almost always be more profitable than C-FT-V; C- 
IGCC-C supporting CO 2 -EOR is the most profitable option at low oil prices but FT-C options 
supporting CO 2 -EOR are more profitable at high oil prices. At $100/tC, C-IGCC-C with CO 2 -EOR 
is the most profitable option, and C/B-FT-C (characterized by near-zero GHG emission rates for 
both F-T liquids and electricity) is more profitable than any C-FT option at all oil prices and for 
both storage options (CO 2 -EOR and C02-AqS). 

Conclusions 

Making F-T liquids from coal could help mitigate oil supply security concerns and would be 
profitable at sustained high oil prices. But without CCS, this option would lead to a large increase in 
GHG emissions relative to hydrocarbon fuels derived from crude oil. 


^ For comparison, the net biomass required to make I GJ of F-T liquids from switchgrass with CO 2 vented is 1.56 GJ 
[1], while the net biomass required to make 1 GJ of eellulosic ethanol from com stover is 2.89 GJ with vintage 2000 
technology (58.4 gallons per dry short ton) [6] and 1.77 GJ with advanced technology (89.8 gallons/ton) [7]. 
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With CCS, the GHG emission rate for coal F-T liquids could be reduced to about the rate for crude 
oil-derived fuels. The net GHG emission rate could be reduced further, to near zero, via co- 
processing biomass and coal with CCS so as to exploit the negative emissions of storing 
photosynthetic CO2. At a carbon price of SlOO/tC the co-processing option is the most economically 
attractive of all the options considered for F-T liquids production and requires far less net biomass 
input to realize near zero GHG emissions than conventional biofuels such as cellulosic ethanol. 

If the CO2 captured in F-T or IGCC plants were used for CO2-EOR, the economics of CO2 capture 
and storage would often be attractive even at a carbon price of $ 0 /tC. CO2-EOR opportunities in the 
USA (and perhaps elsewhere) are sufficiently large to make the CO2-EOR application an attractive 
way to gain extensive near-term experience with gasification-based energy and CCS technologies 
and the opportunity to “buy down” the costs of these technologies substantially as a result of 
learning by doing. 


Table 2 : Economics of F>T liquids production if CO 7 is used for EOR (Base Case financing) 

Conversion Option 

C-FT-C 

C-FT-CoC 

C/B-FT-CoC 

CO 2 available for EOR, t COj/hour 

628.4 

646.0 

667.5 

Barrels of crude EOR/barrel of F-T liquids (ge) 

4.00 

4.11 

4.25 

Price of GHG emissions, $/tCea,jv 

0 

100 

0 

JOO 

0 

iOO 

Electricity co-product value, ^/kWh 

4.75 

6.94 

4.75 

6.94 

4.75 

6.94 

Price at which CO 2 is sold for EOR, S/t CO 2 

23.6 

19.6 

20.9 

16.5 

23.9 

15.2 

CO 2 transport cost ( 1 00 km), $/t CO 2 

2.<>4 

2.89 

2 ^ , 

i F-T Liquids Producdon CMt, S/GJi.hv 

Capital 

11.63 

10.60 

10.87 

Oper^ion and maintenance 

2.76 

2.52 

2.58 

Coal input 

4.21 

4.20 

3.06 

Biomass input 

2.86 

Electricity co-product credit 

-5.49 1 -8.03 

-5.47 1 -7.99 

-5.87 1 -8.58 

CO 2 transport cost 

0.50 

0.50 

0.51 

GHG emissions cost 

- 

3.14 


2.92 

- 

3.07 

Credit for EOR 

-3.99 

-3.31 

-3.63 

- 2.86 

• 4.30 

-2.73 

Credit for bio-CO? storage 

-2.16 

Net F-T liquids production cost, $/GJj hv 

9.61 

10.89 

8.73 

9.89 

9.70 

9.46 

F-T liquids production cost, S/liter, ge 

0.302 

0,342 

0.274 

0.311 

0.305 

0.298 

Breakeven crude oil price, S/barrel 

41.4 

34.4 

36.6 

28.9 

41.9 

26.7 




Figure 2a: ROE vs. oil price @ $0/tC. 


Figure 2b: ROE vs. oil price @ SlOO/tC. 
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Table 3: Performances and costs for coal IGCC power plants‘(Base Case financing) 

Conversion Option I C-IGCC-V 

C-IGCC-C 

Storage mode 

CO?-AqS 

CO 2 -EOR 

Price of GHG emissions, S/tCmuiv 

0 1 100 

0 

0 

0 

0 1 100 

installed capacity, MW^ 

390.1 

361.9 

CO 2 storage rate, t C 02 /hour 

297,3 

Barrels of crude EOR per day/GWe of C-IGCC-C ca|»ctty 

74,700 

CO 2 emission rate from plant, t CO?/hour 

301.5 

25.2 

Fuel cycle GHG emission rate, gC„uiy/kWh 

219.4 

28.8 

Eificiency at design point, LHV 

42.95 

36.79 

CO 2 transport cost, $/t CO 2 

4.33 

CO 2 storage cost, $/t CO 2 

3.84 

- 

Price at which CO 2 is sold for EOR, $/t CO 2 — assume to be the same as for the 

C-FT-C option in Table 2 (assumed crude oil price. S/barrel) 

23.6 
(41 ■4). 

19.6 

(34.4) 

Overnight construction cost (OCC),$/kW* | 1187 | 1531 

Generation Cost, ^/kWh 

Capital 

2.85 

3.68 

Operation and maintenance 

0.68 

0.87 

Fuel 

1.22 

1.42 

CO 2 transport 

0.36 

CO 2 storage 

0.31 

- 

Credit for EOR 

- 1.94 

-1.61 

GHG emissions 

0 

2.19 

0 

0.29 

0 

0.29 

Total 

4.75 

6.94 

6,64 

6.93 

4.39 

5.01 

Plant-gate CO 2 cost, $/t CO 2 

14.8 

-8.3 



* Based on [4J except that (as for the F-T polygeneration analysis) (he coal is assumed to have a heating value of 
23.5 GJLHv/tonne and a C content of 25.2 kgC/GJLHv- 
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Making, it Mp as you go along 

Chemists can make liquid fuel from biomass — or from coal, Heidi Ledford weighs up the pros and cons. 


( ih i (ifri iti (ir tnd the 
'( ocn’JLLu f f>r >f itlo! tana, has 
< '< L dm ^ t< fi iLd’- r-rtholotie, 

' ic ms mJ c Ik \ t in is hweitxer 
hitts Sc Kf kvsh in I ) kt, ih lit htm hi.s 
border colhc. ian. ursnks out o! tnc toilet to 
arwhsestifen tg\ pol cvtnwhitheverycom- 
[ ie\ [.•'lohlinnHt*- Its dotMi U tail! soi ndbitc, 
{:t'o,(n pumping carbon dioxide mto the ground 
('‘It. canu’ from iiiose rocks i\t k !U't sending it 
borne”) to public percepticmsot coal asa dirty 
source ol energy {‘‘To a lot ol‘ people, coal .is a 
ioiir-letterworcr). 

Pu! tliese apei.\M.is all loget.ho:r and you 
h Ike ipiuh ioi tinnmgcoa! into oil. an idea 
bchweitKcr and his constituenls have 2-40 bil- 
hoit reasons to t:ake seviovisly. With of the 
world’s reserves, Montana has enough coal to 
make. 240 billion Ixirrels (.d'diesel fuel, wliich 
is .i n tlie same ball park as all of the proven 
reserves claimed by Saudi Arabia. 

Scliweitzev is .far from aloise; many poliliciaii.s 
and busi.nessinfi\ are riotv eyeing a ciicnvical 
proces.s called the i''i,sc.her-'T'ro)>sch synthesis 
as a way olkonverting solid hydrocarbons or 
natitral gas into liquid fiiei. The g.i'cat advan- 
tage is energy security; .ihschcr-Tropsch tech- 
nology ailow's do.ine8tic coal to replace forcigtt 
oil, wiiich is pretty attractive if you’re sitting in 
Washi.ngton IXfi or .Beijing, let alone .Billings, 
Biitte 01 PH(,i;’.«nan. .Another potential iK.iva.n' 
tage i,s enviionmentiii; tire fuel prodticed by 
Fischer - TVopsch methods can be made to burn 
more cleanly than diesel,. It could thus ease the 
adaption of cars witli efficitmt diesel engi.nesi.n 
coiintvies,sudi as tlx’ k'nited .States, that have ,so 
far been resi, slant !:o suclt tcclmology. 

'five obvious drawback, though, is also envi • 
ron.menta.1. The proce,ss of converting coal !.nto 
liquid and tusing it for ttimspo.rtvvVioi! releases 
nearly twice as much carbon dioxide its burn- 
ing diesel made from crude oil dcies. In a world 
conscious of climate change, t hat exces,s carbon 
is a problem. “If you t iutke iiqtii<!s from coal and 
don’t capture carbon dioxide in the process, 
vouiedfectivx’ivdoubhngeimssions, saysl-.ric 
1 a! '.on arcsv ir^b crii.in ti a’ r'nK<.ton Univer- 
Ktv’s Imvironmenliu Institute in New lersey. 

One wav round ihrs prohictri might he to 
ta* X tlu c ul i n dios ■.k i, d bui' ii iiiKier- 
' ' h d ' 'ti i! t'.oi. dbi to’coivKi tiwsil-fiie] 

I X i),,i ', 1 'h tKO’iusv i h If w in some ways 
^ )i ' ss, opnon bi'‘ It w J-io U' yet. an 
! . M 'xvbnologv 

i - (. thxMs'ut fodaic 1 sscher- 



Around the bend: is there a feasible future for 
liquid fuels made from coat? 


Tropsch has ahvays been rather costly, and thus 
something people normally start to do only 
when they have no alternatives, its first major 
use was during the Second Wkirid War, when 
the blockaded Nazis produced about 90% of 
their diesel and aviation fuel with the technolo- 
gies originally developed by Franz Fischer and 
Hans Tropsch at the Kaiser Wilhelm institute 
for Coal Research in 1923. South Africa began 
liquefying coal in re.sponse to apartheid- era 
sanctions, and in part as a result of it.s invest - 
mejd back then, continues to derive about 30% 
ofits fuel from liquefi^ coal. 

To make liquid fuel from coal, you first shat- 
ter the long hydro<art>oR chains into a mixture 
of hydrogen and carbon monoxide using high 
temperatures and intense pressure. This is also 
the first step for the “integrated gasification 
conib.ined cycle ' plants, seen by many as the 
future of coal-fired generation — a technology 
that has many svmergies with coal-to-liquids. 

©2006 Nature Pubftshing Group 


TnFiSxhti lri’v>'i.h ■-mii U'l'- tbt'M.i'. u 
bu.med butxhmm'lied ic trx.KtLi v ’ vtv 
h’sisreunire the c.arbi ii and bv Jiogcn 'u io> n 
hydriK.iuKii Jiunso' ni,!cnglhN iw'ud 

ingdiect I and tml Ih mg bntb ph.tscs 
■ .ation and hqueiaction -- .some carnon 
n oU as carbon dioxide, 
ause containinanrs such as mercury and 
.l ean iniiibit the reaction, companies liave 
-in incentive to remove impuritie,s from 
> before liquefying it. And the choice of 
Calais's! ailow.s the make-up ofsyntlietic ihel to 
be tailored to an extent. As a .re.su.lt, die.sd pro- 
duced by the Fischer- ']'fop,sch proce,ss iscpmlity 
stuff. It contains ks.ssu,lpbur and fewer contami 
nating aromatic compounds, such as benzene 
and toluene, and releases fewer particulates 
when burnt titan regular diesel fuel does.. 

Capturing carbon 

But none of that solves the carbon dioxide 
problem, In the Unit,e<l State.s., all coal-to-liq- 
uid plants on the drawing board would include 
carbon capture i<:.t.l!owed b)’', in most iiases, 
sequestration, says Lowel! Miller, director of 
the U-S Department of Energy Oinec ol .Sequt s 
tration, Hydrogen, and Clean Coal .F'uels. 1 hat 
includes the 22.()60-barrd-a-day operation 
near the town of Roundup tliat Sc:hweitz.er has 
proposed. But the Natural Resou.i'ce,s Defense 
Council (NRDC), a US-ba.sed environmental 
group, says that even if 90% of tluu carbon were 
captured, proilucing a.nd i.rsing coal -derived 
fuels would still rclt'ii,se 8% more carbon diox- 
ide than petroleunv derived fuels'. “.Even if 
yem do carbon se<|ut’str!Vtion, at best c'oal-t<.)- 
liquid methods are still no better than crude 
oil in terms of lifecycle emis.sions,” .says David 
Hawkin.s, director of the NRDC’.s Climate 
Center. “And if we are building a new industry 
to make transportation fuels, we need to build 
an industry that produces fuels t)i,at are signifi - 
cantly lower m carbon dioxide emjs.sions.” 

.In China ~ which, like the United States, is 
n .01 bound bv tin: KrH.ito Protocol, anti which lsii.s 
v^stcoalicKUc - (jb)i s ciuesir ititvi i'-lcs'- 
likdy. Vuu mi. ' ua c u i o* S\ nhi K ( lim i 
in -Shanxi, savs that tno« iit’wifropi idu'il 
to- liquid industnaj pianls undtru i sidtr Oior 
in China rml sh i nn t n nciflu pr i 
contains plans inr.seques'tei mc carbon. 

The ufi m i ‘ > u c 1 4 ' t j 
feedstoikl'nisiii fii-ht ntnt i 

tbeothti hind ' tin n in till i 
sary — the ci nU o f iroun 's i i i i i 
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ttie air in the first place, Ifone were to add 
sequestration toabiomass-to-liquids plant, the 
resiilt could be 'carbon negatived in that the net 
eflcct on the atmosphere would be to draw down 
the level of carbon dioxide as some of the carboti 
dioxide fixcxl hy the plant, would be sequestered 
into tlie plarift’s crust. What's more, I-ischer- 
'iVop-scJ i methods could com]>Ieinent, at tlie very 
least, some other biomass technologies. 

Plant inatc.rial that contai,ns too mi.ich lignij 
and not enough cellulose for use in celiulosi^ 
ethanol project;; (see page (>??•) could still b- 
used in a i'isclun -Tropsch system, Tlu- tech 
.nique could open up the possibility of using tiir 
est thinnings and other sources of wood waste 
or even the iig.nin-.ric)i residue left over fro.n 
cdiuiosic ethanol protluclion. says David .Day 
ton. a senior scientist at tlie National Rcnewabl' 
En.(Mg>' Laborato)')' in Go.ldcn, Colorado. Otl'ier 
think that Fi-scher-Tropsch could oulcompeti 
the for, mentation o,f celluktse more gcneraliy. 
But the technology for gasifying biomass 
currently lags well behind The development 
of such methods for coal, 'i'he Netherlands 
has invested a lot of research into the process, 
but still operates oniydeinonstiation-scale 
biomasS'Onlv plants. Choren, a German 
cotnjnmv, aitd Shell arc buitclmg a contmer- 
ctiii plant tn hredrerg. whicli will produce 
1 5,000 tonnes per year ( ! i 0,000 barrclsper 
vciu ) of vluu C'fiorcn calls SunDiesd, ('ion- 
struction oi five cOG.oOO-tonnes-per-year 
Oudi'Ksli ,U ^^0u•M wood i'uiagJKui- 
suhcdtUcd to begin .n 2008. 

1 'H 1 tn Picg.". uiKleiLikmgo? itslond 
, 0 t., )i.< lOJt ulpu! from thi.' p'Oiect 



rsmuid still be enough to suppi)' only about 4% 
of Germany’s projected diesei needs in 2015. 

The other big issue is cost. Several US dein- 
on-stration coal-to-Jiquid plants, established 
during the spike in oil prices during the i970s, 
closed without leading to further commercial 
dfsclopment after oil prices fell in the early 
1 980s. Miller and fim Bartis, a policy analyst at 
the R.AND coroporation in Santa Monica. Calj- 
fomia.both think that oil prices must be abov'e 
$50-S55 a barrel { 1 59 litres) for coal-to- liquid 
plant.', to make long-term cc<momic sense. With 
oO prices currently just under $60 a barrel that’s 
already an uncomfortably snug fit - and there’s 
no guarantee of prices staying at that level. 

^mass boost 

Nevertheless Chevron, Shell and Exxon have 
all invented in dev'elopmeni ofFischcr-Tropsch 
fechjwlog!c.s, as has the biggest LhS coal com- 
pany, Peabody Coal, w'hkh is working on Sch- 
weizer’s Roundup plant with Rcntech of Denver, 
Colorado. ’’Some of the big play'ere are wiling to 
take a bw' rate of return just to establj,sh a tech- 
nology position,” says Bartis. "Once you build a 
first plant, you’re going to learn by doistg, and 
subsi-qiien t plants are going to cost less,” Another 
.strategy is to concentrate on people who migin 
pay a preniimn fordotnestic hydrocarbons. Syn- 
troleum ofTtilsa, Oklahoma, recently provided 
.samples ofitsnatural-gas-dcrived jet fuel, made 
with technology licensed from Exxon Mobil, to 
the US Air R>rce for testing. 



Foi h!u’n'‘=^ t'lt s !' > '1 ^ , 1 

ZwannfiheDxjt..b i it i { i i 
Petifcfi hopes ibaf i p,. n i 

ef}iCit.nv.v i\iii amt. i ' s 

that ml prices '\,!i stdl h \m< s t 
pcrbanel 'o I'lakt bqma lcK r { 
pie, willois t'cesCvO'kn ! -*1 i \ vi i 1 
taxatM’'. u'‘ “missions T 1 „ \ IWim. i 
boost to b'0'n.5sj past is\s e nsthit ui 
vailahlc iocoai-to-liquja .svstems. 

That IS whv, until du n is i ] h i d n i ) 
noJog\ .'K s..,ilsiiup then issillilu 
optioiuil spiking coaU ul tiskuitl f>io in s 
floupled w’lth carbon sequestration, this would 
reduce greenhoiusc gas eiimsiom without requir- 
ing imith change to existing technology, .says 
Robert Wiliiains, a researcher at Princeton Uni- 
versity’s Environmental Institute. \\h.l}iam,s hirs 
calculaU'd that: a raixtutc of 89'iii coal and 1 1 % 
biomas,s could reduce carboji c;jni.ss3ons by 19% 
relative to using the .same pr<)ces.s with coal only, 
Because they can’t yet inaksi moriey, current 
Pischer-'l’ropsch project.^ often involve a com- 
plex nxix of industry partnens and government 
.subsidie.s, Sosoi of .South Africa, a veteran in 
the easier gas -to-liquids game, considers gov- 
enrment subsidies crucial, Saso) is conducting 
feasibility studies for coai-to -liquid project.^ in 
China and India, and has partnered with oil 
giant Chevron in Europe. But il: i,s waiting to 
St'S what develop, s with government subsidic.s, 
according to chief e.xec.utive Pat Davies, before 
committing to any US projects. 

-So far, the US federal government has pro - 
posed tax credits for coal -to liquid programmes, 
and provides gra.JTts to interested compa - 
i, nies. States are also pitching in: Pennsyl- 
vania, for example, is guaranteeing $465 
million in loans and $47 million in ia.x 
cj'cdits for 0 ju-oposed plan! in Sc:hi.tylkin 

(,'ovinf)- Elsc'whcre in ftie world in China, 

India and the Phili]ipine.s. for example -- 
liquefaction p.rojcct.s have received pledge, s 
of strong gover.nrnent support. And in Ger- 
many. bioinass-devivcd fuels arc exempt from 
the heavy Pvxes lev'ied on other fuels. 

.Miller says he is optimistic that. Pi.schcr- 
Tropsch fuels could finally establish a foot - 
hold in The United States, Bui 30 ycar.s of 
:!.tudying coai-to-Iiquid technology has tauglu: 
^im to temper bis enthusia.sni w'ith caution, 
'f’ve been in this Innsiness for a long time, he 
•ays, "ami I'll hdieve it when (i t shi st! v< < s 
3ito the ground.” s 

deidiledfordi a cienr? wMtvrc>" r ij n 
■fature s Washington DC office. 


-a«t! Editorial, page 654. 
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The U.S. Department of Energy’s National Energy Technology 
Laboratory study entitled 

“Life-Cycle Greenhouse-Gas Emissions Inventory For 
Fischer-Tropsch Fuels” (June 2001) 
by John J. Marano and Jared P. Ciferno, 

may be obtained from the technical reports inventory on the 
NETL’s website. 

http://www.netl.doe.gov/publications/others/techrpts/techrpts toc.html . 
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This report is available as an ADOBE pdf file on the MHIR website at http://www.mizuho-ir.co.jp/english/ 
Questions and remarks may be sent to kankyo@mizuho-ir.co.jp 


No part of this report may be reproduced or utilized in any form or by any means, electronic or mechanical, 
including photocopying, recording or by any information storage or retrieval system, without permission 
from Toyota Motor Corporation (TMC) and Mizuho Information & Research Institute, Inc. (MHIR). 

TMC and MHIR are also not responsible for any damages caused by any changes or utilization of 
information within this report. 
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Preface 

According to the diversification of automotive fiiels and powertrain technologies, advanced technology 
vehicles such as hybrid electric vehicles with gasoline and diesel, and various fuel cell based vehicles, have 
been under research and development extensively. Against this background, in order to evaluate the 
greenhouse gas emission reduction potentials, we focuses on estimating Well-to-Tank (= consideration of the 
fuel from resource recovery to delivery to the vehicle tank) greenhouse gas emissions of automotive fuels to 
be used in Japan for present and near future. Further, by adding these well-to-tank results, we show Well-to- 
Wheel (=integration of the well-to-tank and tank-to-wheel components) greenhouse gas emissions under the 
specific condition of driving a sedan. 

We hope that these data of this study will be useful for those who are planning to conduct fuel-cycle analysis 
in the future. 


Study Organization 

This study was carried out the project team that was oiganized by environment-related organizations in 
Mizuho Information & Research Institute, Inc. In addition, in order to ensure Well-to-Tank data impartiality, 
efforts were made to improve credibility by seeking varied advice, ranging from third party evaluations by 
specialists (Advisory Committee) up to obtaining calculation methods from the data sources. 

The participants of this project were as follows: 


<Advisory Committee> 

(Chairman) Hisashi ISHITAhfl 
Masaki IKEMATSU 
Fumihiro NISHIMURA 

(Takao KITAHARA 

Kiyokazu MATSUMOTO 
Kiyoshi NAKANISHI 

Shigeki KOBAYASHI 


Graduate School of Media and Governance, Keio University 
General Manager, Fuel Cell Testing Dept., Nippon Oil Corporation 
General Manager, Siting & Environment, 

The Federation of Electric Power Companies 
Deputy General Manager, Siting & Environment, 

The Federation of Electric Power Companies) 

General Manager, Environment Dept., The Japan Gas Association 
Senior Director of Research, Genesis Research Institute, Inc. 
(Advisor, Toyota Motor Corporation) 

IPCC Coordinating Lead Author 

(Senior Researcher, Strategic Planning Office, 

Toyota Central R&D Labs., Inc.) 


<Toyota Motor Corporation> 

(Representative) Hirohiko HOSHI Senior Staff Engineer, Fuel & Lubricant Department 


<Mi2uho Information & Research Institute, lnc.> 

(Representative) Yasushi KAJI Senior Research Associate, Environmental Strategy 
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Executive Summary 

With the impending practical application of fuel cell vehicles (FCV), the choice of propulsion systems, along 
with gasoline and hybrid vehicles is increasing, while on the other hand, the diversification of ftiels is also 
progressing. From this background, Ibyota Motor Corporation (TMC) commissioned Mizuho Information & 
Research Institute, Inc. (MHIR) to conduct this study with the objective of establishing a foundational 
understanding needed to consider the potential of various technologies and automotive fuels in the reduction 
of environmental load. 

The calculations of this study mainly concern Weil-to-Tank (=consideration of the fuel from extraction of 
primary energy to vehicle fuel tank) energy consumption, greenhouse gas (GHG) emissions and energy 
efficiency of current and near future automotive fuels in Japan. The results of this study were subsequently 
combined with data related to Tank-to- Wheel (^assessing vehicle architecture, powertrain and fuel effects) 
studies previously conducted by TMC, and a case study showing WelUto- Wheel ("=integration of the Well-to~ 
Tank and Tank-to- Wheel components) GHG emissions under fixed conditions of driving sedan type vehicles, 
was calculated (See figure below). 


Gasoline - ICE 
Gasoline ^ tCE/HV 
IPG - ICE 
LNG->CNG-iCE 
Diesel - ICE 
Diesel - ICE/HV 
Natural Gas FTD - ICE 
Natural Gas -* Dfi«€ - ICE 
Coal FTD - ICE 
Coal ~*DME-1CE 
Biomass -♦ FTD "ICE 
Rape seed FAME • ICE 
Waste food oil FAME • iCE 
Waste wood -* Ethano) - ICE 
Gasoline (on) CGH^ • FC 
Kerosene (on) CGHj - FC 
Naphfoa-+(on)CGH 2 - FC 
LPG (on) CGHj - FC 
Natural Gas (on) CGHj - FC 
Natural Gas -» (o^ CGH^ - FC 
Natural Gas MeOH -♦ {on)CGH 2 ■ FC 
COG-»{of}l-H2 - FC 
Eiec^ol^sis (on) CGH? - FC 

-1 

Relative COj emission { ' 

* 1^.' c pcf'cnic.nce? of LP3, OIG. anc 
a- i-i r.-- -it'a {c cfnvnces of FTD, 

(Seepage ''■* v. Tank-lo-Wlieeiand VVeS-to-'/s^ieei GI-K3 errissions" for froredelaiis on preconciiiions of the caicui?iior!,) 


Figure Well-to-Wheel GHG emissions under fixed conditions of driving sedan type vehicles 
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Regarding Well-to-Tank studies, the fuel production pathways considered were; 21 petroleum based fuels, 20 
natural gas based fuels, 8 coal based fuels, 19 biomass resource related fuels (3 bio-diesel fuels, 10 diy 
biomass based fuels, 6 wet biomass based fuels), power grid mix (Japan average) and hydrogen production 
through electrolysis, 6 byproduct hydrogen pathways, totaling 76 pathways. No fixed timeframe was set for 
the data collected, with efforts focusing on understanding and organizing existing data. Additionally, in order 
to ensure data impartiality, efforts were made to improve credibility by seeking varied advice, ranging from 
third party evaluations by specialists (Advisory Committee) up to obtaining calculation methods from the data 
sources. Moreover, where data used in calculation has a broad range, the range is indicated through minimum 
to maximum values. 

Furthermore, for Well-to-Wheel, in concurrence with previous research for the “10-15 mode run” (example of 
calculations made in this study), which is mainly a comparatively low-speed run, significantly superior results 
were obtained for hybrid electric vehicles (gasoline, diesel) in relation to GHG emissions. For synthetic fuels 
such as Fischer-Tropsch Diesel Oil and Dimethyl Ether (DME), and hydrogen, large variations in Well-to- 
Tank GHG emissions were apparent depending on the primary energy used as feedstock, and it is clear that an 
important aspect of future considerations will be the production of fuels through low GHG emission pathways. 
Moreover, regarding hydrogen, during transition, hydrogen derived from fossil fuels such as natural gas has 
also shown results similar to that of hybrid electric vehicles, and depending on trends in CO 2 capture and 
storage, possibilities of further reductions in GHG emissions with these pathways are conceivable. In addition, 
fuels derived from biomass resources have comparatively low GHG emission values, and future utilization is 
anticipated. 

The credibility and applicability of calculations in this study depends greatly on calculation preconditions 
such as implemented load distribution methods and quality of data. In reality, some fuels such as petroleum 
products, city gas, liquefied petroleum gas (LPG) and electricity are already in industrial use, while biomass 
resources, synthetic fuels, hydrogen, and so on, are still in the early stages of technological development. In 
addition, even where calculation results of this study are based on actual values, as there is a high degree of 
uncertainty concerning future technological innovation, market size, new laws and regulations, and such, 
many problems exist concerning the simple comparison of these fuels. Furthermore, regarding load 
distribution between main products and co-products/byproducts, although this study has been conducted 
under the premise that, in principle, byproducts will be disposed of, the usage of certain byproducts has been 
considered in prior studies although the possibility of realizing this usage is unclear (load distribution 
considerations). Also, regarding the sphere of the system, the environmental load from the production process 
of byproduct hydrogen feedstock such as coke oven gas (COG) has not been taken into consideration in this 
study. For these reasons, the calculation results of this study are not unlike preliminary approximations, and in 
order to contribute further to the initial objectives, the consistency of preconditions and the accuracy of data 
used in calculations must be improved, and the credibility of the results must be enhanced. 

The emphasis of this study is on Well-to-Tank analysis. In future, these results will be combined with various 
Tank-to-Wheel analysis results and basic data, and various further analyses are scheduled in relation to overall 
efficiency from extraction of primary energy to actual vehicle fuel consumption “Well-to-Wheel” At such a 
time, it may also become necessary to modify or adjust the calculation results of this study in order to comply 
with analysis preconditions. 

Well-to-Wheel analysis results will be an important factor in the selection of future technologies and fuels. 
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However, technologies and fuels that will be implemental in the future will not be determined by this factor 
alone. This is because a variety of other factors such as cost, infrastructure, completeness of the technology, 
supply potential and usability will also be taken into consideration. In future, it will be necessary to seek out 
optimum vehicle/fliel combinations according to the energy circumstances, available infrastructure and 
regulations that apply in each country or region. See page 104 “3.2 Case study: Tank-to- Wheel and Well-to- 
Wheel GHG emissions” for more details on preconditions of the calculation. 
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1 . Goal and Scope in This Study 
1.1 Goal 

With the impending practical application of fuel cell vehicles (FCV), the choice of propulsion systems, along 
with gasoline and hybrid vehicles is increasing, while on the other hand, the diversification of fuels is also 
progressing. With this background, for the continued utilization of motor vehicles in society, it i,s the objective 
of this .study to estabii.sh the foundational understanding needed to consider the potential of various 
technologies and fuels, concerning the reduction environmental load, without sacrificing the convenience of 
mobility. 

Specifically, the investigation and compilation of various fuel production pathways for potential automotive 
fuels with future technologies are taken into consideration, with incremental calculations for Well-to-Wlieel 
energy consumption, GHG emissions and energy efficiency for each pathway. 


1 .2 Scope 

The lifecycle of an automobile consists of the fuel supply cycle (resource extraction to production to fuel 
tank), the vehicle cycle (vehicle manufacture, running, disposal/recycling) and other related infrastructure 
cycles (See Figure 1.1). Of these cyc!e.s, this study focuses mainly on the fuel supply cycle within Japan, with 
Well-to-Tank calculations for energy consumption, GHG emissions and energy efficiency. 

In addition, as a separate case study, reference data was calculated for Well-to-Wheel GHG emissions relevant 
to the running stage of the vehicle cycle under predetennined conditions. 



Figure 1 . 1 Scope of this study 
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1 .2.1 Fuels and fuel production pathways 

To begin with, following the compilation of fuel production pathways applicable for automotive fuels in 
Japan, the fuel production pathway.s to be considered •were selected from the perspectives of (1) Already 
realized, (2) High probabilit>' of realization in the future, (3) Strong repercussion effect in the event of 
realization. 

The fuel production paths considered in this study are shown in Table 1.1 ((A) Petroleum Based, (B) Natural 
Gas Based, (C) Coal Based, (D) Biomass Resource Related, (E) Power grid mix (Japan average), (F) 
Byproduct Hydrogen). 

Table 1.1 (A) Fuels and fuel production paths - Petroleum Based 


Current Diesel 
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Table 1.1 (D) Fuels and fuel production paths - Biomass Resources Related 
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Table 1,1 (E) Fuels and fuel production paths - Power Grid Mix (Japan average) 



Table 1 .1 (F) Fuels and fuel production paths - Byproduct Hydrogen 



Furthermore, for this study, in order to conduct efficient data calculations, the processes forming the fuel 
production pathways shown in Table 1 , 1 were classified into the following groups. 


(1) Petroleum Based Fuel Production Pathways 


See 2.1 

(2) Natural Gas Based Fuel Production Pathways 


See 2.2 

(3) Fuel Production Pathways from Biomass Resources 


See 2,3 

(4) Synthetic Fuel Production Pathways 


See 2.4 

(5) LPG Production Pathways 


See 2.5 

(6) Electricity (Fllectric generation pathways) 


See 2.6 

(7) Hydrogen Production Pathways 


See 2.7 


The compilation procedures and calculation methods used for each unit process data are described in “2. Well- 
to-Tank Data Compilation Procedures and Calculation Methods”. The results of Well-to-Tank energy 
consumption, GHG emissions and energy efficiency calculations derived through the combination of this 
process data and the conclusions drawn are discussed in “3. Results and conclusions”. 
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1 .2.2 Data categories 

Within this study, issues related to the following were considered as environmental load issues. 

[Energy consumption] 

- Energy consumption (lower heating value) [MJ] 

“ Energy efficiency (lower heating value) [%] 

[Emission to air] 

" GHG emissions: Carbon Dioxide (CO,), Methane (CH,), Nitrous Oxide (N2O) [kg] 

Furthermore, in light of the objectives of the study, only the above issues were considered, and emissions to 
air, water and land other than the above were excluded from evaluation. 

Additionally, regarding calculating category indicator results within climate change, referring to 
Intergovernmental Panel on Climate Change (IPCC) [2001], the Global Warming Potential (GWP) lOO-year 
factor, frequently used as an index to show the magnitude of climate change, was used as the characterization 
factor. The following reasons can be given regarding the use of the 100-year factor: 

- The lifespan of CO 2 in the atmosphere is 1 20 years, 

- IPCC recommends a time horizon of 100 years. 

Regarding emissions other than CO 2 (CHj, N 2 O), evaluation was conducted through conversion to equivalent 
CO 2 in accordance with the GWP 100-year factor. 


GWP indicator result [kg eq-C02] = GHG emission [kg] * GWP lOO-year factor [kg eq«C02/kg] 


The GWP lOO-year factor used in this study is shown in Table 1.2 (IPCC [2001]), 


Table 1.2 Characterization factor 


GHG emission 

GWP 

Carbon Dioxide (CO,) 

1 

Methane (CHi) 

23 

Nitrous Oxide (N 2 O) 

296 
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1 .2.3 Calculation procedures 


This study employed the “Conventional Process-based LCA Method”, studying data per process within the 
lifecycle from the production of each fuel up to supply to the vehicle. 

Unless specifically stated otherwise, the data shown in Table i,3 in relation to fossil fuel combustion and the 
use of electricity, was used to calculate energy consumption and CO 2 emissions for each process. Therefore, 
input/output in relation to fossil fuel combustion was converted to energy input/output by multiplying the 
heating values given in Table L3, or in relation to electricity usage, by multiplying the enei^ consumption 
values per kWh shown in Table j .4. Subsequently, energy consumption and CO 2 emissions were calculated by 
multiplying the heating values and OCX emi^ion factors during combustion given in Tables 1 .3 and 1 .4. 

In this study, energy efficiency of a pathway was calculated as the simple product of the numerator, taken as 
the energy (heating value) of the product of each process, and the denominator, calculated as the sum of the 
energy (heating value) of the resources injected into the process and the energy consumed in the process. 


Energyofthe resources 
injected into the process 
(heating value) 


^ -'ijfXj?) 


Energy consumed in Uie process 
(healing value) 


Energyofthe product 
oftoe process 
(heating value) 


Figure 1 .2 Energy efficiency of the unit process 


Energyofthe product ofthe process (heating value) 


Energyofthe resources injected into the process + Energy consumed in the process (heating value) 


Regarding heating value, for general LCA purposes, higher heating value (= value which includes the 
condensation heat (latent heat of vaporization) of moisture in the fuel and steam generated through 
combustion in the heating value. HiLV) is used. However, as the operating temperature of the combustion 
engine of this study is high and latent heat recovery for steam is difficult, it was decided that lower heating 
value (= value that does not include the condensation heat of steam. LHV) w'ould be used as the basis for 
calculations in this study. Furthermore, as the reference materials from which the CO, emission factors were 
quoted used HHV, LHV was calculated from this using the conversion factor shown below (Institute of 
Energy Economics, Japan (fEEJ) [1999]). 

- Coal : LHV HHV * 0.96 

- Oil ; LHV ^ HH\' * 0.93 

■ LNG : LHV HHV *0.90 

■ LEG ; LHV 4- HHV *0.92 

Additionally, regarding conversion factors for petroleum based fuels, in principle, the values given in New 
Energy and Industrial Technology Development Organization (NEDO) [1995] were used and shortfall.s were 
covered using International Energy Agency (TEA) values given by K.K.Sekiyutsushinsha [2002]. For 
reference, NEDO [1995] conversion factois were calculated to equalize Yuasa et al. [1991] CO, emission 
factors and Science and Technology Agency [1992] CO. emission factors. 
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Table 1 .3 Heating values and COj emission factors 



Factor 


Hewing Value 

fector 


Re£ 

HHV 

im 

Ref. 

tkg-COJ 

Ref. 

Coai for coking iimport) 




27.7 MJ/kg 

3) 

2.61 kg;kg 

4) 

C oal tor general use umport) 




26.6 MJ/kg 

25.5 MJ/kg 

3) 

2 39 kg kg 

4) 

Coal lor genera! use (domestic) 



22.5 Mj/kg 

21.6 MJ/kg 


1,97 kg, kg 


Anthracite (importl 



27-2 MJ/kg 

26.1 MJ/kg 

3) 

2.45 kg/kg 

4) 

Coke 



30. i MJ kg 

28.9 MJ/kg 

3) 

3,25 kg.kg 

4) 

Coke Oven Gas 



21.1 MJ Niff 

19.0 MJ/Nm’ 

3) 

0.85 kg.'Nm’ 

4) 

Blast f'untace Gas 



3.4 MJ/Nin' 

3.1 MJ/Nm’ 

3) 

0.37 kg-’Nro’ 

4) 

Oxygen Steel Furnace Gas 



8.4 MJ/Nm' 

7,6 MJ/Nm> 

3) 

0.91 kg/Nm= 

4) 

Crude oil 

0.8596 kg/L 

1) 

38,2 MJ1. 

44.4 Ml.kg 

35.5 MJ/L 

41.3 MJ/kg 

3) 

2.64 kg/L 

3.07 kg/kg 

4) 

NGL / gta-condensate 

0.7365 kg/L 

1) 

35.3 MJ/L 

47.9 MJ. kg 

32.8 MJ/L 

44.6 MJ/kg 

3) 

2.40 kg/L 

3,26 kgkg 

4) 

LPG 

0.5500 kg/'L 

2) 

50-2 MJ/kg 

46.2 MJ/kg 

3) 

2.94 kg/kg 

4) 

Naphtha 

0.7274 kg/L. 

I) 

34.! Mi/L 

46-9 MJ.'kg 

31.7 MJ/L 

43.6 MJ/kg 

3) 

2.22 kg/L 

3.06 kg/kg 

4) 

Gasoline 

0.7532 kgC 

1) 

34.6 -M.l. 1. 

45,9 MJ, kg 

32.2 MJ/L 

42.7 MJ/kg 

3) 

2.38 kg/L 

3.16 kg/kg 

4) 

Jet Fuel 

0.7834 kgt^ 

2) 

36.7 MJ/L 

46.8 MJ/kg 

34.1 MJ/L 

43.6 MJ/kg 

3) 

2.46 kg/L 

3.14 kg/kg 

4) 

Kerosene 

0,7990 kg/L 

I) 

36.7 MJ/i. 

45.9 MJrkg 

34.1 MJ/L 

42.7 MJ/kg 

3) 

2.51 kg/L 
3.15kg/kg 

4) 

Diesel 

0,8299 kg/L 

n 

38.2 Mi. l. 

46.0 MJ.-'kg 

35.5 MJ/L 

42.8 MJ/kg 

3) 

2.64 kg/L 
3.19kgkg 

4) 

A-Heavy fiiel oil 

0.8430 kg'L 

2) 

39.1 MJ./r. 

46.4 MJ/kg 

36.4 MJ/L 

43.1 MJrkg 

3) 

2.80 kgk 

3.32 kgkg 

4) 

B-Heavy fuel oil 

0.9000 kg/L 

2) 

40.4 

44.9 MJ.kg 

37.6 MJ/L 

41.7 MJ/kg 

3) 

2,91 kgk 

3.23 kg/kg 

4) 

C-Heavy fuel oil 

0,9130 kgil. 

1) 

41.7 MJ 'l. 

45.7 MJ/kg 

38.8 MJ/L 

42.5 MJ/kg 

3) 

2.99 kg/L 

3.27 kgkg 

4) 

Lubricant 

0.8800 kg/L 

n 

40.2 MJ. i,. 

45.7 MLkg 

37.4 MJ/L 

42.5 MJ/kg 


2.89 kg/L 

3.29 kgkg 

4) 

Asphalt & other res. oil prds 



42.3 MJ/kg 

39.3 MJ.kg 

3) 



Hydrocarbon Oil 



41,0 MJ. L 

38.2 MJ/L 

-5) 

3.12 kg/L 

5) 

Petroleum Coke 



35.6 MJ/kg 

33.1 MJ/kg 

— 

3.31 kg-ltg 

4) 

Refinery Gas 



44,9 MJ/Nm- 

41.8 MJ/Nm’ 

3) 

2.41 kg/Nm’ 

4) 

Hydrocarbon oil gas 



39.4 MJ/Nm' 

35.4 

5) 

2-04 kg/Nra-’ 

5) 

Associated gas 



48.3 MJ/Nm' 

43.5 MJ/Nm’ 

V).8) 

2.67 kg/Nm’ 

7) 

Off gas 



39.3 Mi/L 

36.6 MJ/L 

6) 

2.05 kg/'L 

6) 

I.NG 

0.7173 

11 

54.5 MJ. kg 

49.1 MJ/kg 

3) 

2 77 kgkg 

4) 

Natural gas (domestic) 




36.« MX'Nm’ 

3) 

2.09kg,^Nm’ 

4) 

City Gas i3A 



46 ' M’\i 

41.4 MJ/Tim’ 

9) 

2.36 kg/Nm’ 

4) 
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[Source] 


1) NEDO[!995] 

2) K.K. Sekiyutsushinsha [2002] *IEA basis 

3) ANRE [2002-1] 

4) MOE [2002-1] 

5) PEC [2000] 

6) PEC [2002-2] 

7) Shigeta, J. [1990] 

8) PEC [1998] 

9) lEEJ [1999] 


Table 1.4 Energy consumptions'’ and COj emissions from fuel combustion at power generation 

sector in Japan 



{»r;8S5,488»10'’km*7 

pff . kWIi of power 

Enasy consumption 

Ene^ amsmnption 

CO; emission factor 

HHV 

LHV 


HHV 

LHV 


% 

Coal (import) 

1,525 

1,464 

• 10'’J 

1,78 

1.71 

MJ 

(18.1%) 

0.1604 

kg-CO, 

Crude Oil 

296 

275 

« 10“ J 

0.35 

0.32 

MJ 

( 3.5%) 

0.0239 

kg-CO- 

C-HFO 

484 

450 

• 10“ J 

0.57 

0.53 

MJ 

( 5.8%) 

0.0405 

kg-COj 

Diesel 

9 

8 

• 10“ J 

O.OI 

0.01 

MJ 

(0,1%) 

0.0007 

kg-COj 

Naphtha 

4 

4 

• 10“ J 

0.00 

0.00 

MJ 

( 0.0%) 

0.0003 

kg-COj 

NGL 

2 

2 

* 10“ J 

0.00 

0.00 

MJ 

( 0.0%) 

0.0002 

kg-COj 

LNG 

2,107 

1,896 

• i0“J 

2.46 

2.22 

MJ 

(25.1%) 

0.1251 

kg-COj 

LPG 

20 

18 

• 10“ J 

0.02 

0.02 

MJ 

( 0.2%) 

0.0014 

kg-CO; 

Natural gas 

22 

20 

• 10“J 

0.03 

0.02 

MJ 

(0.3%) 

0.0013 

kg-CO; 

COG 

61 

55 

♦ 10“ J 

0.07 

0.06 

MJ 

( 0.7%) 

0,0029 

kg-CO; 

LDG/BFG 

146 

131 

* 10“J 

0.17 

0.15 

MJ 

( 1.7%) 

0.0184 

kg-CO; 

Wastes 

19 

19 

. JQlSj 

0,02 

0.02 

MJ 

( 0.2%) 

0*.i 

kg-CO; 

Geothermal 

29 

29 

* 10“ J 

0.03 

0,03 

MJ 

( 0,3%) 

o*-’ 

kg-CO; 

Hydro 

787 

787 

* 10“ J 

0.92 

0.92 

MJ 

( 9.4%) 

O” 

kg-CO; 

Nuclear 

2,892 

2,892 

* 10“ J 

3.38 

3.38 

MJ 

( 34.4%) 

0*' 

kg-CO; 

Total 

8,403 

8,051 

* 10“ J 

9.82 

9.41 

MJ 

(100,0%) 

0.375 

kg-CO; 


*1) Actual values of FY2000in Japan 

*2) Amount supplied from power producers to final energy consumption 

*3) CO- emissions at waste power generation, geothemial power generation, hydropower generation and 
nuclear power generation are considered as 0. 

[Source] ANRE [2002-1] 
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Power generation process data based on the average electricity configuration of the relevant country was 
referenced regarding electricity input into overseas processes. Energy consumption values of each country 
(China, Indonesia, Malaysia, India, United Kingdom, France, Holland, European Union, Russia, United States, 
Canada, Brazil, South Africa, and Australia) during power generation and COj emission factors during fuel 
combustion are shown in Table 1.5. 


Table 1 .5 Energy consumptions and CO 2 emissions from fuel combustion at power generation 
sector by country (per kWh: receiving end basis, actual results of CY2001) 


County ' ' j 

1 Enogycoimiiqjtion 

CX), emission 

Lems 


HHV 

UJV 



1 

Ci^hina 

12.68 i 

12.19 

MJ 

1.034 kg-CO; 

0.083 

lEA [2003-2] 

Indonesia 

12.49 i 

n.75 


0.767 kg-COj 

0.135 

lEA [2003-2] 

Malaysia 

9.48 

8.62 


0,492 kg-CO; 

0,060 

lEA [2003-2] 

India 

18.42 

17.68 

MJ 

1.490 kg-COa 

0.294 

lEA [2003-2] 

UK 

11.10 


MJ 

0.564 kg-CO, 

0.088 

lEA [2003-1] 

France 

11,52 

11.46 

MJ 

0.069 kg-CO, 

0,062 

lEA [200.3-1] 

Holland 



MJ 

0.637 kg-COj 


lEA [2003-1] 

EU 

10.72 


MJ 

0.420 kg-COj 

0.063 

lEA [2003-2] 

Russia 

18.07 

16.87 

MJ 

0.927 kg-CO, 

0,141 

lEA [2003-2] 

USA 

12.09 

11.6i 

MJ 

0.712 kg-CA 

0,061 

lEA [2003-1] 

Canada 

7.43 

7.24 



0.079 

IE,A [2003-1] 

Brazil 

6.05 

5.94 

MJ 

0.111 kg-CO, 

0.159 

lEA [2003-2] 

South Africa 

14.15 

13.62 

MJ 

1,206 kg-COa 

0,091 

lEA [2003-2] 

Australia 

13.90 

13,29 

MJ 

1.157 kg-CO, 

0.082 

lEA [2003-1] 
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2. Well-to-Tank Data Compilation Procedures and Calculation Methods 

2.1 Petroleum Based Fuel Production Pathways 

2.1.1 Abstract 

Fuels derived from petroleum include current diesel, low sultur diesel, ultra low sulfur diesel, current gasoline, 
future gasoline, kerosene, naphtha, LPG and heavy fuel oil. Of these, concerning diesel and gasoline 
(including future types), which are both currently used as fuels for motor vehicles, this study assumes that the 
supply route would remain similar to that of existing routes (same applies to on-board reforming type FCVs). 
Post-petroleum refining LPG is handled comprehensively in “2,5 Liquefied Petroleum Gas (LPG) Production 
Pathways”. Regarding other petroleum based products; this study assumes that such products will be supplied 
to vehicles following some form of conversion. 


(1) Diesel 

Colorless or fluorescent russet colored petroleum products with gravity ranging from 0.805-0.850, boiling 
range 180-350 degrees C, distilled after the kerosene fraction during crude distillation. Although the main 
usage is in automotive, rail and shipping industries, diesel fuel is also used in ceramic and steel industries as 
well as for supplementary fuel in electricity production. The characteristics of diesel include ignitability, low 
temperature fluidity (high Cetane Number), good viscosity and low sulfur content. In particular, in line with 
environmental measures, sulfur content was lowered to less than 0,2 w1% from the previous content of less 
than 0,5 wt% in 1992, and subsequently lowered to less than 0,05 wt% from October 1997, 

Furthermore, permissible limits of sulfur content in diesel fuel will be amended to 0,005 wt% in 2005 
(Ministry of the Environment (MOE) [2003-1]). Moreover, MOE [2003-2] reports that from 2007 it will be 
appropriate to set 0.001 wt% as the permissible limit target value. For these reasons, this study defines diesel 
with 0.05 wt% sulfur content as “current diesel”, 0.005 wl% sulfur content as “low sulfur diesel” and 0.001 
wt% sulfur content as “ultra low sulfur diesel”, and seeks to quantify each type. 


(2) Gasoline 

Gasoline refers to petroleum products obtained from crude at the lowest boiling fraction (about 30-220 
degrees C), which are in liquid form at normal temperature. Variations in production technique separate 
gasoline into natural gasoline, straight-run gasoline, reformed gasoline, cracked gasoline, synthetic gasoline, 
and so on. In chemical terms, all these are hydrocarbon compounds ranging from carbon number 4-12. 
Although gasoline is separated into industrial grade and fuel grade depending on usage, gasoline for 
automotive usage falls into the latter category and is manufactured through the mixture of a variety of 
gasoline components. The most important aspect of automotive gasoline is the anti-knock property, indicated 
by the octane number. In Japan, the octane number for regular gasoline is approximately 90 and the octane 
number for premium gasoline is approximately 100. The removal of lead from gasoline has been in practice 
for regular gasoline since February 1975, and since October 1983 for premium gasoline. In addition, 
concerning aromatic and olefin content, many oil companies implement self-regulation as part of their 
environmental measures. Furthermore, concerning benzene, a figure of less than 5% was adopted as the 
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Standard since the liberalization of manufactured imports in April 1996. 

As with diesel, from 2005 the permissible limit of sulfur content in gasoline will be amended from 0.01 wt% 
to 0.005 wt% (MOE [2003-1 ]). For these reasons, this study defines gasoline with 0.01 wt% sulfur content as 
“current gasoline” and 0.005 wt% sulfur content as “future gasoline”, and seeks to quantify each type. 


(3) Kerosene 

The name “kerosene” predates the invention of the automobile and can be said to be a legacy of a time when 
diversification of petroleum products had not occurred and kerosene, as a source of light, was the only 
petroleum product in use. The kerosene fraction has a gravity ranging from 0.78-0.83, and a boiling range of 
145-300 degrees C. Specifically, during crude distillation, the distillation of the kerosene fraction takes place 
between the distillation of gasoline and diesel, with sulfur content and other impurity removal and refining 
mainly conducted through hydro-treatment, producing a colorless or citrine transparent product with a 
petroleum odor. The carbon-hydrogen ratio (C/H Ratio) within kerosene constituents is 6-7, specifically 86-88 
wt% carbon to 12-14 wt% hydrogen. Kerosene is not used directly as a fuel for automobiles and in this 
study, kerosene is considered as a resource for hydrogen production through steam reforming. 

(4) Naphtha 

In many cases, the term “naphtha”, as used in United States, refers to heavy gasoline, whereas in Japan the 
term is largely used in reference to unrefined gasoline (semi-product gasoline). The boiling range is about 30- 
200 degrees C. The main use of naphtha, when shipped as naphtha, is petrochemical, specifically as a 
resource for thermal cracking in the production of ethylene, propylene, butadiene, and so on. As with 
kerosene, naphtha is considered in this study mainly as a resource for hydrogen production through steam 
reforming. 

(5) LPG 

LPG is a hydrocarbon with carbon number 3 or 4, specifically propane, propylene, butane, butylene, or other 
petroleum products with these as the main constituents. Although LPG is a gas under normal temperature and 
pressure conditions, it can easily be converted to liquid form at relatively low pressures and moderate cooling. 
Colorless and odorless, with a liquid gravity of 0.50-0.58, and gas gravity at 1. 5-2.0 in relation to air at 1.0, 
LPG accumulates in low places in the event of leakage. In Japan, as a fuel for automobiles, LPG is mainly 
used in taxis. 


(6) Heavy Fuel Oil 

Heavy fuel oils are used for internal combustion in diesel engines and gas turbines, and for external 
combustion in boilers and all types of industrial furnaces, as a mineral oil with suitable qualities, with types 
and quality standards set forth in the Japanese Industrial Standards (JIS). Heavy fuel oil products are produced 
through the mixture of high viscosity oils such as topper residue, vacuum residue and solvent deasphalting 
residue with low viscosity oils such as straight-run diesel and cracked diesel, in accordance with the desired 
properties, such as viscosity, sulfur content, pour point, flash point and carbon residue content. In this study, 
heavy fiiel oils are considered as fuels for power generation. 
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Above content is drawn from Japan National Oil Corporation (JNCK^) [1986], Taki [1997], Japan Petroleum 
Institute (JPI) [1998], 


2.1 .2 Procedures for data collection of unit process 

The fuel production pathway flow for petroleum based fiiels examined in this study are shown in Figure 2.1.1: 
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Figure 2. 1 . 1 Pathway flow for petroleum based fuels 


Regarding the refining process of petroleum products overseas and processes related to the import of such 
products, in relation to diesel and gasoline currently used as automobile fuel, as the amount refined overseas 
is small in comparison to the amount refined domestically (less than 3%), the omission of these processes is 
considered appropriate. On the other hand, while it is also a petroleum product, in relation to naphtha, which 
is mainly for petrochemical purposes, the amount refined and imported from overseas is greater than the 
amount refined domestically (see Table 2.1.1), Accordingly, when considering naphtha as an intermediary 
product in the production pathway of automobile fuels, the consideration of overseas petroleum refining 
processes and naphtha import processes (transportation via sea) may become necessary. However, as the 
information necessary for the creation of inventory data regarding overseas refining processes was 
unobtainable, for this study, these processes have been treated a.s beyond the system boundary. 


Table 2.1 .1 Amount of domestic and imported production of petroleum products [Unit: 10’ kL] 



Diesel 

Gasoline 

Naphtha | 

Kerosene i 

A-beavyfuel ! 

C-lieavy fuel 

Domestic 

41,530 

(97.0%) 

58,216 i 
(98.0%) : 

18,501 ! 

(39.7%) j 

27,366 
(93.1%) j 

i 28,166 ! 

i (96.7%) 

32,332 

(97.6%) 

Imported 

1,306 

(3.0%) 

1,215 

(2.0%) 

28,129 1 

(60.3%) 1 

2,030 1 

(6.9%) I 

1 973 : 

i (3.3%) 

780 

(2,4%) 


[Source] METI [2002] 


- 13 - 



86 


(1) Crude Extraction 
<i> Existing Study 

As gas production generally accompanies crude extraction, the majority of oil fields use this associated gas as 
the energy source for the operation of the extraction facilities. The amount of associated gas required for the 
extraction of crude, based only on information from the Arabian Oil Co., Ltd., as shown in Institute of 
Applied Energy (LAE) [1990] (p.ll8), stands at 23 SCF/B‘, while Petroleum Energy Center (PEC) [1998] 
(p.l7) gives a figure of 50-60 SCF/B based on the results of a hearing survey conducted with oil fields in the 
UAE and Saudi Arabia, both major suppliers of crude to Japan (60 SCF/B is used for calculation purposes). In 
addition, following on from PEC [1998], PEC [2002-2] (p.l8) also uses 60 SCF/B for calculation purposes. 

<ii> This Study 

60 SCF/B, used both in PEC [1998] and PEC [2002-2], is also used in this study. For the composition of 
associated gas, the composition given in lAE [1990], used by both PEC [1998] and Shigeta [1990], was 
adopted. This is the weighted average derived from the composition of associated gases of Middle East oil 
fields. From this composition and the higher heating value set out for each gas in PEC [1998], it is possible to 
calculate the heating values for associated gases and COj emission factors during combustion. 


(2) Flare Combustion 
<i> Existing Study 

Associated gas excess to the requirements of the crude extraction process is burnt off at the flare stack. 
Shigeta [1990] and PEC [1998] (p.20) calculate flare stack energy expenditure and COj emissions. Shigeta 
[1990] sets out the associated gas oil ratio (Gas Oil Ratio, GOR) for Middle East light crude oil fields, Middle 
East heavy crude oil fields. Southeast Asia and China (source unknown). On the other hand, PEC [1998] 
reasons that the Middle East and Indonesia account for the majority of crude imports to Japan and sets out 
GOR for each country. Where available, information from the Information Center for Petroleum Exploration 
and Production (ICEP) database was used, and urjoiown values were estimated from API gravity and location. 
Calculations in either report are based on flare ratio figures (proportion of associated gases burnt off at the 
flare stack) given in Organization of the Petroleum Exporting Countries (OPEC) Annual Reports (1987 
Report used by Shigeta [1990], 1995 Report used by PEC [1998]). In addition, while PEC [2002-2] (p.l9) 
follows the calculation method used in PEC [1998], flare ratio settings have been updated using data from the 
1 999 OPEC Annual Statistical Bulletin. 


<ii> This study 

This study follows the calculation methods used in PEC [1998]. Regarding crude import volume, from the 
relationship with data gathered in relation to domestic petroleum refining, although the data is slightly dated, 
actual values from 1997 given in Ministry of International Trade and Industry (MITI) [1998] were used. In 


‘ 1 SCF (standard cubic feet) = 0.0263 Nm^, IB (barrel) = 158.9873 litre 
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addition, GOR values set out for each country in PEC [1998] were used. Flare ratios for each country were 
calculated from total production and flare amount figures of the natural gas production volume breakdown 
given in OPEC [2001]. In addition, regarding Middle East countries for which flare related information was 
not available, weighted average values calculated using values from Middle East countries with clear flare 
ratios and import volumes were used. 

(3) Associated CO 2 
<i> Existing Study 

Regarding CO; content of associated gas (emissions into the atmosphere) other than from in-house 
consumption or flared; lAE [1990] and Shigeta [1990] calculate values based on the associated gas 
composition. 


<ii> This Study 

According to lAE [1990], as the percentage of CO; in associated gas is 5.8%, associated CO; volume was 
calculated by multiplying the desired associated gas volume by this percentage. 

(4) CH 4 Vent 
<i> Existing Study 

Regarding Cli, vent during crude extraction, the carbon equivalent is given in Central Research Institute of 
Electric Power Industry (CRIEPI) [1992] (p.32) and lEEJ [1999] (p.23). Of these, the basis for the figure 
given in CRIEPI [1992] is unclear. In addition, EEJ [1990] assumes that there is no CHi vent during crude 
extraction and that leakage occurs only during associated gas production, and a theoretical calculation is used 
to calculate the value. 


<ii> This Study 

Calculations in this study are based on values given in EEJ [1999]. Furthermore, although the heating value 
given in this literature is HHV and CO; emissions are given as the carbon equivalent when the 
characterization factor for CH 4 global warming is set at 21, this study conducts calculation into CO; 
equivalent using the value 23, shown in Table 1.2. In addition, this study has also taken energy loss through 
CH, vent into consideration. 


(5) Overseas Transportation (Sea) 

<i> Existing Study 

Large ocean tankers are used to transport crude oil from crude producing countries to Japan. While lAE 
[1990] (p.38) states that Southeast Asia and China use 100,000 t tankers and the Middle East/other regions 
use 250,000 t tankers, PEC [1998] (p.33) stales 80,000 t tankers for China, 100,000 t tankers for North 
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America and Oceania, and 250,000 t tankers for the Middle East and other regions, with both calculating fuel 
consumption factor per region from the fuel consumption of each ocean tanker. 

Regarding calculations, while lAE [1990] considered only the passage, PEC [1998] (p.34) also takes fuel 
consumption while moored and for cargo heating for high viscosity crude into consideration. Regarding 
calculation method, PEC [1998] sought the weighted average of shipping distance based on import volume 
for each region and used this figure to calculate fuel consumption for one voyage. lAE [1990] gives no details 
concerning calculation method. 

PEC [2002-2] follows the calculation methods used in PEC [1998]. 


<ii> This Study 

In this study, using the ocean tanker sizes specified in PEC [1998], energy consumption and GHG emissions 
are calculated inclusive of fuel consumption while moored and for cargo heating. 

This study specifies ocean tanker size and shipping distance for each crude producing country and ascertains 
fuel consumption per voyage per country, and uses the weighted average value relative to import volume in 
order to calculate fuel consumption per kg of crude. Furthermore, fuel consumption per kg crude for external 
transportation (sea) was calculated separately for refining or electricity generation depending on intended 
usage. 

Regarding crude import volume, from the relationship with data gathered in relation to domestic petroleum 
refining, although the data is slightly dated, actual values from 1997 given in MTH [1998] were used. In 
addition, the marine shipping distance was calculated as the distance from the port of shipment of the crude 
producing country to the Yokohama Port. Furthermore, regarding Brunei, Iraq, Equatorial Guinea and Congo, 
as data concerning the distance of crude produced in these countries from the port of shipment was not 
available, data from relatively nearby countries and regions was substituted. 

(6) Refining in Japan 
<i> Existing Study 

In Shigeta [1990] and PEC [1997] (p.52), energy consumption and environmental burden per unit quantity of 
petroleum product is calculated from the material balance in the petroleum product producing industry (gross 
production volume of petroleum products, and input of raw materials/ingredients). 

PEC [2000] conducts further subdivision of the refining process of petroleum products and constructs a 
process flow diagram (PFD). Although energy consumption per product calculations are made based on this 
diagram, material balance data is cited for product yield settings (p.33-34). COj emissions were calculated 
from energy consumption during refining per product, derived from material balance data and the PFD, under 
the assumption that CO, emissions are proportionate to energy consumption, as it was considered impossible 
to gather detailed and accurate data representative of all refineries in Japan for each subdivided refining 
process and fuel input for each (p.40). 

PEC [2002-2] (p.30) also subdivides the refining process and configures a PFD, and calculates eneigy 
consumption for each product (current gasoline, fiiture gasoline, current diesel, low sulfur diesel, naphtha) 
during the refining process, citing JPI [1998] and others, as the calculation basis for heat efficiency. This 
literature also uses material balance data for CO 2 emissions calculations, multiplying the weighted average 
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value derived from annual total emissions per fuel type in relation to the CO 2 emissions index for the heating 
value of each fuel type used, by energy consumption per product within the refining process. 

All reports source material balance data from the “Yearbook of Production, Supply and Demand of Petroleum, 
Coal and Coke”. Shigeta [1990] from the 1987 edition, PEC [1997] from the 1995 edition, PEC [2000] from 
the 1997 edition and PEC [2002-2] from the 2000 edition. 


<ii> This Study 

This study adopted the calculation method used in PEC [2000] to calculate energy consumption and GHG 
emissions. Although this selection was based on the need to calculate data regarding kerosene, heavy fuel oils 
and LPG not covered in PEC [2002-2], as the calculations of both these reports are based on the same 
reasoning, it was inferred that the difference between these reference materials would have little effect on 
calculation results. 

The “Yearbook of Production, Supply and Demand of Petroleum, Coal and Coke” edition used here is the 
1997 edition (MITI [1998]). Furthermore, although PEC [2000] uses only actual performance data of refinens, 
as actual values per refiner given in MITI [1998] were insufficient, general data (inclusive of refiners, 
lubricant manufacturers, other related industries) was used. 

To begin, energy consumption for petroleum refining was calculated. For calculation purposes figures given 
in MITI [1998] for fuel consumption (p. 50-53), input and yield (p. 68-71), and electricity usage (p.l50) were 
used. Energy consumption (LFTV) associated with the consumption of these fuels was 511,514 TJ/year, and 
CO 2 emissions 31,859*10^ t-COj/year. Furthermore, on top of this energy consumption, PEC [2000] (p. 40- 
41) includes in-house consumption of catalytic coke and CO gas, and subsequently, this study also includes 
these factors (LHV/HHV ratio 0.93 for coke, 0.9 for CO gas). 

To follow, these were then allocated to each petroleum product using energy consumption per product ratios 
calculated in PEC [2000] (p,33-34) using the PFD. That is to say, allocation was conducted using the ratio 
between energy consumption for each product given in PEC [2000] (p,33-34) and their average values (67 L- 
FOE/kL). 

Regarding low-sulfur diesel, according to the trial calculations in PEC [2000] (p.45), the installation of ultra 
deep hydrodesulfurization unit will increase energy con-sumption by almost 1.5 times from 42 to 61 L- 
FOE/kL-Diesel, and increase the overall average for petroleum products from 68 to 71 L-FOE/kL-product, 
On the other hand, a report referenced by PEC [2002-2] (p.3 1 ) states that hydrogen consumption necessary 
for the desulfurization of 50ppm sulfur content would be 1.3 to 1 .5 times greater than for 500ppm. Therefore, 
for this study, calculations for the required energy consumption for the production of low-sulfur diesel were 
made based on the trial calculation results of PEC [2000]. 

In addition, as no information regarding energy consumption for ultra low sulfur diesel and future gasoline 
was obtainable, calculations were based on the assumption that the ratio in relation to the average would be 2 
times that of current diesel for ultra low sulfur diesel at approximately 1 .2, and 2.0 for future gasoline. 
Furthermore, regarding the process yield of the petroleum refining process (ratio of petroleum products in 
relation to processed crude volume), the ratio of total petroleum product volume (weight) in relation to 
processed crude volume (weight) was used. 
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(7) Domestic Transportation (Sea/Land) 

<i> Existing Study 

Shigeta [1990] cites COj emissions during domestic transportation at a uniform 10% of COj emissions during 
marine shipping. In addition, in PEC [1998] (p.43-51) based on the actual transportation status of petroleum 
products and fuel usage data gathered by the Petroleum Association of Japan (PAJ) in order to formulate the 
“Oil Industry Voluntary Action Plan for Global Environment Conservation”, environmental burden was 
calculated specifying three transportation types (tanker lorries, coastal tankers, tanker truck). Environmental 
load calculations in PEC [2002-2] (p. 48-50) are based on PAJ [2000]. 

<ii> This Study 

This study cites data used in PEC [2002-2]. Specifically, energy consumption and GHG emissions during 
transportation of "white oil" (gasoline, diesel oil, kerosene, naphtha, LPG) and "black oil" (heavey fuel oil) 
were calculafed using the data given on p.49 of the report regarding the domestic overland transportation 
process of petroleum products, and data given on p.50 regarding coastal transportation. Regarding fuel 
consumed, diesel was considered as the fuel for the domestic overland transportation process, while for the 
coastal transportation process, fuel consumption was split into 90% C-heavy fuel oil while under way and 
10% A-heavy fuel oil for port entry/exit, based on information provided in PEC [1998] (p.45). In addition, for 
final results, energy consumption and GHG emissions were calculated based on values obtained through the 
distribution of fuel consumption over transportation volume, for both domestic overland and coastal 
transportation, 

(8) Fueling to Vehicles 

No particular consideration has been given in either this or prior studies concerning energy consumption and 
GHG emissions during the fueling to vehicles with diesel or gasoline. In addition, this study set the value of 
such at zero following confirmation through hearing surveys that levels were practically insignificant. 
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2.1.3 Calculation results 

Regarding the production pathways of petroleum based tuels, the results of calculations for energy 
consumption, GHG emi.s.sions and energy efficiency during production of 1 MJ petroleum products are shown 
in Table 2.1.2 (energy consumption). Table 2.1.3 (GHG emissions) and Table 2. 1.4 (energy efficiency). 


Table 2.1 .2 WTT energy consumption of petroleum based fuel production pathways [MJ/MJ] 
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Table 2.1.3 WTT GHG emissions of petroleum based fuel production pathways [g eq-COj/MJ] 



Giwjticni 

ded 

loi^sLifir 

liad 

UBakw/ 

sifirdtsd 

C^medicni 

Rme 

^dine 

Kaiwr 


Allay 

fiddi 

Gtow 

fidd 

Qitfcdl 

odiactim 


075 

075 

07) 

0"^ 

075 

076 

074 

075 


Ba^^txnhfboi 

038 

038 

038 

038 

038 

038 

038 

038 

a39 

AEcdaldOQ 

033 

033 

033 

033 

033 

033 

02 

033 

033 

Of rat 

Q(n 

001 

Q(tt 

001 

004 

Q04 

Q(B 

m 

001 

OoaxBtiai^i^ii 

092 

Offi 

092 

0® 

092 

Q® 

090 

091 

Q92 

RtickuTidTiig 

266 

364 

SCB 

&5) 

935 

L91 

333 

414 

391 

Dn^ic Btiifntaion 

037 

037 

037 

041 

041 

039 

- 

, 


Fuiiigtovdides 

00) 

QO) 

QCO 

00) 

00) 

- 

~ 

- 

- 

-m 




; te;: 

: 

472 

S10 

m 



Table 2.1 .4 WTT energy efficiency of petroleum based fuel production pathways (LHV) 



Qisatiarri 

loi4slfir 

ded 

UBakw 

sUfirticsdl 

Qmukrd 

£pKlire 

Rlut 

pdau 

I4ichie 1 

Nj[i^ 

Allay 

fiddl 

(3h»y 

fiddl 

<3ufealodia3im 

0^82 

0® 

Q9S2 : 

QS82 

0982 

0982 1 

Q9K2 

0982 

092 

C^Q^tfa^ToeEkn 

0988 

0^*8 

0«8 

0988 

0988 

0968 

Q9B8 

0588 

0568 

Rinittin^irg 

Q9e 

Q®4 

0915 

(m 

0850 

0957 

0955 

Q9&4 

0933 


OSS : 

0995 

0985 

0995 

0595 

0995 

- 

- 


Itdi:gB\di3es 

fiOJO ■ 

UU) 

liXD 

100 

LOX) 

j 

. 

- 

- 

TW 

a® : 

092 


(m 


IIQII 


QOT 

08* 


- 19 - 

























92 


2.2 Natural Gas Based Fuel Production Pathways 
2.2.1 Abstract 

Natural gas has low energy density and incurs high shipping costs. In order to reduce this shipping cost, it will 
be necessary to physically or chemically improve the eneigy density of natural gas. Physical methods of 
improvement include liquefaction through cooling to produce liquefied natural gas (LNG), compression to 
produce compressed natural gas (CNG), and hydration for transportation of natural gas in hydrated form. 

On the other hand, chemical improvement involves conversion into different substances through chemical 
processies applied at the wellhead, and mainly involves the conversion of gas into a liquid fuel, hence the 
technology is called Gas-to-Liquid (GTL). This section concentrates on LNG (physical improvement) and 
products derived from LNG (e.g. city gas). GTL is covered in “2.4 Synthetic Fuel Production Pathways". 

(1) LNG 

Natural gas, composed mainly of CK,, is chilled to ultra low temperatures and liquefied following the 
removal of impurities such as moisture, sulfur compounds and COi to produce LNG Natural gas liquefies at 
approximately -160 degrees C, and is reduced in volume to one six-hundredth that of gas through liquefaction, 
facilitating convenience of transportation and storage. Accordingly, conversion to LNG for teraporaiy storage 
is used as a method of peak shaving for natural ga.s, and LNG conversion of natural gas for transportation is 
used in cases of transoceanic transportation where natural gas transportation via pipeline is not possible. 

The main uses of LNG are for electricity and city gas. 

(2) City Gas 

City gas refers to “gaseous fuels supplied to gas appliances within buildings through gas pipelines from the 
gas production facilities of licensed gas industry companies (e.g. Tokyo Gas, Osaka Gas) in accordance with 
the Gas Utility Industry Law”. City gas is adjusted to comply with heating values stipulated in supply 
regulations through refining and mixing feedstock such as LPG, coal, coke, naphtha, heavy fuel oils and 
natural gas. 

Currently, there are .seven types of city gas in use throughout Japan, with different feedstock, production 
methods and heating values (See Table 2.2,1). 

Table 2.2.1 Standard heating values of city gas by gas group 


Gas group 

Standard heating values 

13A 

10,000- 15,000 kcal/m’ 

i2A 

9,070- 11,000 kcal/m’ 

6A 

5,800 - 7,000 kcal/m^ 

5C 

4,500- 5,000 kcal/m' 

LI 

4,500- 5,000 kcal/m’ 

L2 

4400 - 5,000 kcal/m’ 

13 

3,600 - 4,500 kcal/m’ 


[Source] Japan Gas Association website 
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Of these, the composition of city gas t)pe 13A, the most commonly used type in within Japan, is shown in 
Table 2.2.2. 


Table 2.2.2 The composition of city gas type 1 3A 


Composition 

Content [w'tyo] 

Methane 

CH, 

70-80 

Ethane 

QHs 

<10 

Propane 

C,H, 

10-20 

Butane 

QH,, i 

< 10 


[Source] Japan Gas Association website 


In this study, concerning supply pathways, other than cases where processing and liquefaction take place at 
overseas production sites prior to importation a.s LNQ cases of direct overseas transportation via pipeline 
(from Sakhalin) were also considered. In addition, for methods fueling to automobiles, other than cases of 
compressed city gas (CNG vehicles), the direct fueling of LNG (TNG vehicles), which may become popular 
in the future, was also considered. 

2.2.2 Procedures for data collection of unit process 

The fuel production pathway flow for natural gas based fuels examined in this study arc shown in Figure 



Figure 2.2.1 Pathway flow for natural gas based fuels production 


(1) Natural Gas Extraction 
<i> Existing Study 

Shigeta [1990] calculates CO^ emissions from extraction and production (liquefaction) processes based on 
volume of raw natural gas as feedstock, obtained throt^h the consideration of raw natural gas composition for 
each producing region and the 1987 import volume ratio. 

NEDO [1996] (p.lOl) adopts the input volumes of A-heavy fuel oil as fuel used during exploration / 
extraction of natural gas based on data from the Bontang gas fields, Indonesia. 
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Tamura et at. [1999] conducted fields surveys in five source countries/regions of LNG for city gas (Alaska, 
Indonesia, Malaysia, Brunei, Australia), and calculated the weighted average value through the import volume 
ratio (1997) for CO; emissions based on data obtained from four of these source countries/regions excluding 
Alaska. Calculations using similar calculation methods and based on similar data are conducted in lEEJ 
[1999] (p.24). For co-produced LPQ condensate, and so on, both give distributed values on a calorific basis. 
In addition, apart from the Japan average, lEEJ [1999] also conducts calculations regarding LNG for city gas 
ba.sed on import volume ratio. 

PEC [2002-2] calculates energy efficiency based on lEEJ [1999]. In addition, Okamura et at. [2004] gives 
data calculated after the addition of survey details related to the Middle East Project (Qatar, Oman) to the 
survey results of EEEJ [1999], 

<ii> This Study 

This study cites Okamura et at. [2004]. However, regarding energy consumption, calculations are made from 
heating value based fuel ratio data using the entrance to liquefaction facilities as the reference point, obtained 
from a hearing .survey conducted with the Japan Gas Association (JGA) in relation to the content of Okamura 
et at. [2004], 


(2) Processing and Liquefaction 
<i> Existing Study 

lAE [1990] (p.l21) provides data for LNG import volumes, raw natural gas composition, raw natural gas 
processing volumes, natural gas consumption and CO; emissions for each country of origin (actual values for 
1987). Ogawa et at. [1998] calculates fuel ratios from this data and estimates CO; emissions from LNG 
import volumes per gas producing country for 1996. In addition, Hondo et at. [1999] also includes Australia 
as a gas producing country, and uses similar methods to determine the natural gas volumes required for 
liquefaction. The fuel efficiency determined from the results of these reports is approximately 88 %. 

NEDO [1996] gives energy con.sumption during liquefaction as 9 vol% of natural gas produced, and states 
that 6 vol% of natural gas produced is associated gas (mainly CO;). According to these values, fuel efficiency 
during liquefaction, excluding associated gas, is approximately 90 %. 

Although Tamura et at. [1999] and lEEJ [1999] (p.24) both calculated the weighted average value through the 
import volume ratio (1997) for CO, emissions based on data obtained from fields surveys conducted in five 
source countries/regions of LNG for city gas, there are slight di.screpancies in the results. Both reports give 
distributed values on a calorific basis for co-produced LPQ condensate, and so on. 

PEC [2002-2] (p.53) calculates fuel efficiency based on lEEJ [1999], with a given result of 92 %. 

In addition, Okamura et at. [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1999]. 


<ii> This Study 

As with the natural gas production (extraction) process, this study cites Okamura et at. [2004]. However, 
regarding energy consumption, calculations are made from heating value based fuel ratio data using the 
entrance to liquefaction facilities as the reference point, obtained from a hearing survey conducted with the 
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JGA in relation to the content of Okamura et al. [2004]. 

(3) Flare Combustion 
<i> Existing Study 

Shigeta [1990] does not conduct calculations for flared gas as the liquefaction facilities and the gas wells of 
the Japan LNG project are interlinked, and in comparison to the amount of gas consumed in the liquefaction 
process, the amount flared is practically insignificant. Ogawa et al. [1998] gives 4 % as the worldwide 
average flare combustion ratio in relation to natural gas production for 1996, while also stating that for 
modem LNG production facilities, the flare combustion ratio is 1 % as the amount of natural gas bum! during 
production is lower. 

Tamura et al. [1999] and lEEJ [1999] (p.24) handle flare combustion during extraction and during 
liquefaction separately, calculating the weighted average value through the import volume ratio (1997) for 
CO 2 emissions based on data from the previously mentioned fields surveys conducted in five source 
countries/regions of LNG for city gas, but there are slight discrepancies in the results. Both reports give 
distributed values on a calorific basis for co-produced LPG, condensate, and so on. 

PEC [2002-2] (p.53) calculates fuel efficiency based on lEEJ [1999], 

In addition, Okamura et al. [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1999], 


<ii> This Study 

As with the other processes, this study cites Okamura et al. [2004]. However, regarding energy consumption, 
calculations are made from heating value based fuel ratio data using the entrance to liquefaction facilities as 
the reference point, obtained from a hearing survey conducted with the JGA in relation to the content of 
Okamura et al. [2004]. 

(4) Associated CO 2 
<i> Existing Study 

lAE [1990] multiplies the raw natural gas input to liquefaction plants given per gas producing country by the 
CO 2 content percentage of raw natural gas, and calculates associated CO 2 by obtaining the weighted average 
through the import volume ratio of 1987. Based on this, Ogawa et al. [1998] conducts similar calculations 
using import data for 1996. 

Tamura et al. [1999] gives the weighted average value of wellheads for CO 2 content. 

Other than the previously mentioned fields surveys conducted in five source countries/regions of LNG for city 
gas, lEEJ [1999] (p.24) also applies and reflects data for Anin, Qatar and Abu Dhabi, taken from 1996 survey 
materials from the JNOC, and gives the results of calculations for emissions by heating value (distributed 
values on a calorific basis for co-produced LPQ condensate, and so on). 

In addition, Okamura et al. [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1999]. 
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(5) CH4 Vent 
<i> Existing Study 

As with flare combustion, Ogawa et al. [1998] estimates CH4 vent ratio at approximately 1 % in relation to 
natural gas production volume. Although the basis is unclear, CRIEPI [1992] (p.32) gives amounts for CH* 
vent during extraction and liquefaction. 

Tamura et al [1999] and lEEJ [1999] {p.24) both separate the source of leakage into each 
production/liquefaction process, and calculate CHi vent by obtaining the weighted average value from import 
volume (1997) based on data from the previously mentioned field surveys conducted in five source 
countries/regions of LNG for city gas, but there are slight discrepancies in the results. Both reports give 
distributed values on a calorific basis for co-produced LPQ condensate, and so on. 

In addition, Okamura et al [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1999]. 

<ii> This Study 

As with the other processes, this study cites Okamura et al [2004]. However, regarding energy consumption, 
calculations are made from heating value based fuel ratio data using the entrance to liquefaction facilities as 
the reference point, obtained from a hearing survey conducted with the JGA in relation to the content of 
Okamura etal [2004], 

In addition, regarding the characterization factor for global warming, conversions back into COj equivalent 
are conducted using the value used in this study (see Table 1 .2). 


(6) Overseas Transportation (Sea) 

<i> Existing Study 

lAE [1990] (p.l25) calculates COj emissions per unit weight of LNG from the file! consumption during 
passage of 125,000 m’ class LNG vessels (return trip, boil off gas (BOG) and petroleum fuel usage), and the 
import volumes and distance from each gas producing country. 

NEDO [1996] (p.l05) calculates the amount of A-heavy fuel oil required for transportation of the annual 
LNG requirement for a LNG combined cycle plant (513,000 tons), using a 125,000 m’ capacity (53,750 t) 
vessel with a mileage of 63 kg-A-heavy fuel oil/km over a distance of 5,000km, taking the return trip into 
consideration. 

Hondo et al [1999] asserts that the fuel during passage is the BOG of LNG and calculates the environmental 
burden of transportation per unit weight of LNG from the boil off ratio of a 125,000 m’ class LNG vessel, 
import volume and distance from each gas producing country, and fuel consumption while moored (LNG 
usage). 

Tamura et al. [1999] calculates the COj emission factors for t-km from the actual records (1997) of LNG 
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transportations from the Bontang gas fields in Indonesia, and then calculates COj emissions per unit heat of 
LNG during overseas transportation using the weighted average of shipping distance from each country and 
import volume (1997). Furthermore, the fuels used are BOG and C-heavy fuel oil. 

lEEJ [1999] (p.25) calculates COj emissions of LNG during overseas transportation by using the weighted 
average of import volume ratio (1997) and actual data for 1997 gathered from 44 of the 65 LNG shipping 
vessels that cany LNG to Japan, in relation to BOG and C-heavy fuel oil consumption, LNG load, and 
shipping distance. 

In addition, Okamura et al. [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1 999] . 


<ii> This Study 

This study cites Okamura et al [2004], However, regarding energy consumption, calculations are made from 
data pertaining to LNG vessel fuel consumption, LNG load, weighted average values for transportation 
distances one-way, obtained from a hearing surv^ conducted with the JGA in relation to the content of 
Okamura et al [2004], Furthermore, separate calculations were conducted for overall LNG and LNG for city 

gas. 

(7) Overseas Transportation via Pipelines 
<i> Existing Study 

Regarding the transportation of natural gas via pipelines, as a report focusing on supply within Japan, the 
Economic Research Center, Fujitsu Research Institute (FR1-ERC)[2000] report calculates CO 2 emissions, and 
states that for a shipping distance of less than 16,000 km, transportation via pipeline is better than LNG 
transportation. 

<ii> This Study 

In this study, energy consumption and GHG emissions are calculated from data related to pipeline 
transportation obtained through hearing surveys (approximately 50 kW per km pipeline for 880 MCF/day 
natural gas output). Furthermore, the power generating efficiency of natural gas output energy (assuming 
generation through natural gas) is 1 5 %. 

Regarding transportation distance, the pipeline transportation distance considered in this study (2,000 km) is 
the distance from Sak)ialin to Japan, given in Koide [2000] as the distance from Korsakov to Niigata (approx 
1,400 km) plus the distance from Niigata to Fukui (approx 600 km). 

In addition, regarding the heating value and CO; emission factors for natural gas produced in Sakhalin, 
calculations were made using global natural gas composition data given in the Agency for Natural Resources 
and Energy (ANRE)[1992] (p.llO) for natural gas produced in the former Soviet Union. 
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(8) City Gas Production and Distribution 
<i> Existing Study 

Although Tamura et al. [1999] and lEEJ [1999] (p.25) both calculate CO 2 emissions based on actual energy 
consumption figures (1996) for processes such as re-gasification of LNG and heating value adjustment for the 
domestic LNG facilities of three gas companies, there are slight discrepancies in the results. Both reports 
consider environmental burden from the upstream process for LPG input for heating value adjustment, and 
also considers COj reductions from the cold usage of LNG Regarding the distribution process, as the energy 
from the pump that pressurizes LNG before re-gasification is used, this is already included in the city gas 
production process. 

Based on values given in lEEJ [1999], PEC [2002-2] (p.60) calculates fuel efficiency to be 99.8 %. 

In addition, Okamura et al. [2004] gives data calculated after the addition of survey details related to the 
Middle East Project (Qatar, Oman) to the survey results of lEEJ [1999]. As with lEEJ [1999], LPG for heating 
value adjustment and cold usage of LNG are also considered. 


<ii> This Study 

The environmental burden of the city gas production process itself can be calculated using statistics given in 
ANRE [2002-2]. However, it is difficult to calculate the environmental burden for in-house consumption of 
LNQ city gas, and so on, from this information alone. Therefore, calculations in this study are based on the 
hearing survey conducted with the JGA in relation to the content of Okamura el al. [2004]. 

Although Okamura et al. [2004] considers the CO 2 emissions reduction effect of cold usage, this study does 
not consider aspects that are not directly related to the production process of automotive fuels. 

(9) Fueling to Vehicles 
<i> Existing Study 

PEC [2002-2] gives 95 % as the energy efficiency of the compression/fueling process for CNG vehicles at 
service stations, the default value of the model developed at the U.S. Argonne National Laboratory (ANL) for 
the evaluation of environmental effect of automotive fuels “GREET 1 .6“ (ANL [2001 ]). From the assumption 
that the power source for the compression device is either natural gas or electricity, and that both will be used 
in equal measure, calculations are based on the assumption that for the U.S., CNG vehicles will be filled with 
natural gas compressed to 3,000 Ib/in^ (= approx. 200 kg/cm^). Furthermore, “GREET 1.6” gives the default 
value for the energy efficiency of compression devices using natural gas as 93 %, and 97 % for devices using 
electricity. 


<ii> This Study 

Of the natural gas powered vehicles currently in use, CNG vehicles are the most common. In Japan, 
compression devices (normally 250 m’/h) are used to compress medium pressure gas received through 
pipelines to pressures higher (approx. 25 MPa) than the maximum fueling pressure for vehicles (20 MPa). 

In this study, calculations for energy consumption and GHG emissions of the fueling process for CNG and 
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LNG vehicles are based on natural gas fueling station data obtained through a hearing survey conducted with 
the JGA and others. 

[Fueling to CNG vehicle] 

Given that the rated output of a 250 m’/h compression device is 55 kW (medium pressure A) and 75 kW 
(medium pressure B), aiergy consumption is calculated under the assumption that, for both, the compression 
device is operated at 85 % rated power when fueling to a CNG vehicle. 

[Fueling to LNG vehicle] 

Regarding LNG vehicles, energy consumption estimations for fueling to LNG vehicles are made based on the 
LNG pump discharge rate and the output of electric motors given in Organization for the Promotion of Low 
Emission Vehicles (LEVO) [2003] (p.86). In addition, natural vaporization of LNG while in storage is also 
considered. 


2.2.3 Caicuiation results 

Regarding the production pathways of natural gas based fuels, the results of calculations for energy 
consumption, GHG emissions and energy efficiency during production of 1 MJ petroleum products are shown 
in Table 2.2.3 (energy consumption). Table 2.2.4 (GHG emissions) and Table 2,2.5 (energy efficiency). 


Table 2.2.3 WTT energy consumption of natural gas based fuel production pathways [MJ/MJ] 





[ City gas to CNG vehicle 



LNG 

From LNG 
(conventional) 

From pipeline gas 

Natural gas 

Operation 

0.011 

0,011 

0.011 

extraction 

Flare combustion 

0.002 

0.002 

0.002 

Processing 

Operation 

0.102 

0.100 

- 

/ liquefaction 

Flaie combustion 

0.009 

0.008 


Overseas 

Sea 

0.036 

0.030 

- 

transportation 

Pipeline 

- 

- 

0.054 

Production 

Operation 

- 

0.004 

0.004 

/ distribution 

LPG addition 


0.005 

0.005 

Fueling to vehicles 

0.000 

0.046 

0.046 

Total 

0.16I-; 

0.206 

0.120 

Reduction by cold heat utilization 


A 0.004 
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Table 2.2.4 WTT GHG emissions of natural gas based fuel production pathways [g eq-C02/MJ] 





City gas to CNG vehicle 



LNG 

From LNG 
(conventional) 

From pipeline gas 

Natural gas 
extraction 

Operation 

0,56 

0.54 

0.48 

Flare combustion 

0.17 

0.17 

0.15 

CH4 vent 

0.25 

0.24 

0.22 


Operation 

6,11 

5.60 

- 

Processing 

Flare combustion 

0,48 

0.39 


/ liquefaction 

Associated CO2 

2.17 

1.77 

- 


CH4 vent 

0.64 

o.ss 

- 

Overseas 

Sea 

2.28 

1,89 

- 

transportation 

Pipeline 

- 


3.09 

Production 

Operation 

- 


0,21 

/ distribution 

LPG addition 

- 

0..14 

0.34 

I'ueling to vehicles 

0.01 

1.82 

1.82 

^ , Totel 



6.30 

Reduction by cold heat utilization 


A 0.34 


Table 2.2.5 WTT energy efficiency of natural gas based fuel production pathways (LHV) 





1 City gas to CNG vehicle 



LNG 

From LNG 
(conventional) 

From pipeline gas 

Natural gas extraction 

0.987 

0.987 

0.987 

Processing / liquefaction 

0.901 

0.903 

- 

Overseas 

Sea 

0.965 

0.971 

- 

transportation 

Pipeline 

- 

- 

0,949 

Production / distribution of city gas 

- 

0,998 

0.99S 

Fueling to vehicles 

i.OOO 

0.983 

0,983 

Total 

0.858 

0.848 

0,9.18 
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2.3 Fuel Production Pathways from Biomass Resources 
2.3. 1 Abstract 

Although the term “Biomass”, a compound term consisting of “bio” signifying organisms and “mass” 
signifying quantity or weight, is generally used in biology, it has in recent years come to be used frequently in 
reference to subjects such as “Organisms as a resource for energy and industrial materials” (Yamaji et al. 
[2000]) and “Substantial plant based substances that can be used for energy” (Yokoyama [2001]). From the 
perspective of usage as fuel, biomass can be categorized into liquid fuel production processes and gaseous 
fuel (intermediate product) production processes. 

This section looks into bio-diesel fuel (BDF) production (esterification) and ethanol conversion as methods of 
liquid fuel production, and CH 4 fermentation as a method of gaseous fuel production. Furthermore, regarding 
Cft, fermentation, this section focuses on the process up to distribution into the natural gas supply line after 
production following fermentation, and considers the processes after this point (e.g. fueling to CNG vehicle, 
syngas production, hydrogen production) to be the same as for natural gas. 

(1)BDF 

Bio diesel fuel (BDF) is a general term used in reference to methyl esters of higher fatty acid obtained when a 
transesterification reaction takes place between vegetable oils (ester of glycerin and higher fatty acids) and 
methanol in the presence of a catalyst. The chemical reaction to obtain BDF is as follows. 

CH 2 COOR CH 2 OH 

I I 

CHCCX)R f SCHiOH -> JRCOOCHi + CHOH 

I I 

CH 2 COOR CH 2 OH 

[Oil /tat] [Methanol] [MethylesterJ [Glycerin] 

There are a variety of fatty acids that compose vegetable oil, depending on the resource, such as rapeseed and 
palm. In addition, as there is no single variety of fatty acid that is ester bonded to glycerin, the composition is 
complex. Although the structures of the molecules are not fixed, the term BDF is used since the physical and 
chemical properties are similar to that of diesel. Research into BDF is currently in progress in countries such 
as Italy (rapeseed oil, sunflower oil), France (rapeseed oil, sunflower oil, palm oil, soybean oil), the U.S. 
(soybean oil) and Malaysia (palm oil). 
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Table 2.3.1 Comparison of properties of diesel and BDF 



Di^l 

BDF in 

FawnA 

Diesel 

BDF in 
IbwnA 

Density (15°C) 

i 

0.8299 

0.8860 

Carbon residue 
content 

!nass% 

0.1 or less 

0.05 

Kinematic 
viscosity (40°C) 

! rnniVs 

1.7-2. 7 or over 

4.688 

Sulfur content 

mass% 

0.20 or less 

less than 
0.0! 

Flash point 
(COC) 

°c 

45 ” 50 or over 

190 

Heating value 
(cal) 

kcal/kg 

!0,997 

9,507 

Pour point 

°c 

+5 - ~30 or less 

2.5 

Heating value 

(J) 

MJ/kg 

46.0 

39,8 


[Source] Energy Policy Division, Natural Resources and Energy Department, Kansai Bureau of Economy, Trade 
and Industry (METI Kansai) [2002] 


(2) Ethanol 

Ethanol conversion technology, which uses microorganisms, has been long established in the manufacturing 
processes of alcoholic beverages. Relative to this, the oil shock of the 1970s triggered research and 
development into the production of ethanol for fuel, with Brazil promoting sugar (molasses) and the U.S. com 
as the resource for ethanol production. 

In the ethanol yielding reaction, 1 ) starch is saccharified by amylase to become glucose, 2) through many 
microorganisms, one glucose molecule is broken down into two pyruvic acid molecules and eventually into 
two ethanol molecules. 


(C«Hio 05)„ + uHrO wCsHitOs 

CsHioOs -> 2 C 2 H 5 OH + 2CQ> 

Of the progress of biotechnology in recent years, ethanol conversion using cellulosic biomass resources is 
drawing particular attention. In this process, ethanol is produced after the saccharification of cellulosic 
biomass using acid saccharification or celiulase saccharification through a fermentation process using yeasts 
and bacteria cultivated through genetic recombination to enable the fermentation of both hexose and pentose. 
Research into this process is being vigorously pursued in countries such as the U.S., and plans for 
industrialization are being promoted (the diagram shows an example of a current bio-ethanol production 
process concept). 
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Figure 2,3.1 Example of bioethanol production process in current technology 
(3) Biogas 

Biogas is the final product of the CHi fennentation process, composed mainly of CH4 and CO2, and is also 
known as dige.stion gas. CHi fennentation is a process in which a diversity of anaerobic microorganisms 
degrade organic matter, and has long been in use as a method of processing effluent containing waste 
materials and organic impurities. As Cti, fermentation is an anaerobic process, in comparison to an aerobic 
process, it does not require ventilation, and in addition, has the advantage of allowing CH, gas recoveiy. On 
the other hand, there are disadvantages related to the slow speed of the process, necessitating large-scale 
facilities. However, increased importance is now placed on the effective utilization of biomass energy, and 
from this perspective, instead of waste processing, the development of technology to exploit the availability of 
CH4 is currently being promoted. 

Biomass to which CH, fermentation can be applied include food waste, livestock manure, agricultural waste, 
and so on. CH4 fennentation is anaerobic and progresses of its own accord in the right temperatures for 
degradation, pH, and in the absence of inhibitors (heavy metals such as Cr and Cu, cyan, some organics such 
as phenol, and NH,). As long as these conditions are met, CH, gas will be generated without any particular 
action being required at the final processing facility. 

As CR, fennentation progresses in stages with a diversity of anaerobic bacteria, the process is a complex 
system. First, the high-molecular organic substances such as proteins and carbohydrates, contained in biomass 
are degraded into low-molecular constitutional units such as amino acids and monosaccharides, by hydrolytic 
and acid producing bacteria, generating acetic acid and other organic acids. Ne.xt, the CR producing bacteria. 
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a strict anaerobe, degrades the molecules to the final product such as CH( and CO,. 

As CH 4 fermentation i.s a microbial process, it is aflected by temperature. In general, although the process is 
separated into low temperature, medium temperatutc range of 30-35 degrees C and a high temperature range 
of 50-55 degrees C, since the degradation speed increases with fermentation temperature, high temperature 
fennentation is increasingly being adopted as this will lead to the downsizing of processing vats. 

As CH 4 gas obtained from processes such as the above contains small amounts of substance such as H^S, 
further refining may be necessary depending on usage. The main forms of energy required for the CH, 
fermentation process are heating energy required to maintain fermentation temperature, and energy required 
to convey the reaction mixture and pump the CH 4 gas. 

2.3.2 Procedures for data collection of unit process 

In relation to fuel production pathways using biomass resources as the source, in view of the fact that the 
scope of the reference materials and finer details concerning conditions cannot be fully understood, this study 
organizes and presents data that clarifies energy consumption range and COj emissions range, and data 
typifying processes and resource/energy input, as calculation results. 

In biomass production, along with the feedstock for energy conversion, byproducts are cultivated 
simultaneously. Specifically, energy is also consumed in the cultivation process in areas other than for the 
parts that can be used for energy conversion (for example, seeds from rapeseed and com). However, as this is 
essential to the cultivation of the parts that can be used for enei^y conversion, this study treats all energy 
consumed as energy required for the production of the energy conversion feedstock. 

Carbon ingested during the biomass production stage is treated as an assimilated amount and is given as a 
negative value. The given amount for assimilated carbon is a value equivalent to that of the amount generated 
during combustion (carbon balance zero). 

Additionally, in the energy conversion process, only the heating value of the biomass resource is considered in 
cases where biomass is used as the in-house heat source (e.g. ethanol conversion of sugarcane), and data is 
created with COj emissions generated from biomass resource combustion as zero. 

Regarding the byproduct emissions from each process, some may be utilized as in-house eneigy sources or as 
animal feed. However, the purpose of byproducts vary depending on value (e.g. quality and cost), and 
although processing as waste will be necessary where the value is low, calculations in this study are based on 
the premise that byproducts will be disposed of. 
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(1)BDF 

TheBDF production pathway flow examined in this study are shown in Figure 2.3.2: 

I i ■■■ 

i t tl ( Its 


^ Ad&tO tt - ' r-n 


1) Farming 

<i> Existing Study 

Biomass resources used in BDF production (esterification) include oil crops such as palm, soybean, rapeseed 
and sunflower, and the waste food oils originating from these crops. 

Energy input for palm production is considered in Fuel Policy Subcommittee (FPS) [2003], 

Regarding rapeseed, European rapeseed farming data is presented in EUCAR, CONCAWE, & JRC/IES 
[2003] Appendix 1, and similar data for the UK is compiled inETSU [1996]. 

Regarding waste food oil, from the waste materials perspective, although the production energy is beyond the 
sphere of the system, the Kansai Bureau of Economy, Trade and Industry [2002] report provides figures for 
the generation of waste food oil per household, while the Ministry of Agriculture, Forestry and Fishery 
(MAFF) General Food Policy Bureau - Consumption and Lifestyle Division [2001] provides figures for the 
generation of waste food oil per individual. 

<ii> This Study 

NjO emissions from soil have been calculated using the emission factors (15,6 [kg-NjO/t-N]) for direct 
emissions [Synthetic Fertilizer] given in MOE [2002-2] (p.Il-79). This is ba.sed on a flux study of NjO from 
fields conducted nationwide, and is an estimated value which takes crop species into consideration. 
Specifically, NjO emissions from the farming process were calculated by multiplying the amount of nitrogen 
input to farming with this emission factor. 

Regarding farming of BDF production pathway, this study considers rapeseed and palm. For rapeseed, as 
rapeseed production in Canada and Australia, the two major rapeseed import sources (producing countries) to 
Japan, is in decline, import was not assumed and the study focuses on domestic production. In addition, 
concerning palm, farming in Malaysia is assumed. 


fsxissatef! 



I' DomssSe 
! 1 (saatenri) 


I Dom«Bte , r~Tr,-\ ,,“7*: I 


Figure 2.3.2 Pathway flow for BDF production 


[Rapeseed farming] 

Regarding the rapeseed farming process, as there is no detailed data for rapeseed cultivation in Japan, 
estimates were made from assumed fertilizer input and energy consumption values derived through hearing 
surveys conducted in Aomori, Japan's largest rapeseed producing region, and publications (Aomori Prefecture, 
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Agriculture and Forestry Dept. [1994]), Regarding the production processes for fertilizer and insecticide, 
calculations were made using infonnation given in Turhollow, A et al. [1991]. 

[Palm farming] 

Calculations for the palm farming process are based on FPS [2003]. Since palm production is mainly a 
manual process, energy for processes such as cultivation was assumed to be zero, and calculations were made 
only for energy consumption through fertilizer input. 


[Waste food oil] 

Regarding waste food oils, since the premise is the collection and use of oils generated as a waste product, 
energy consumption and GHG emissions related to waste food oil generation are ignored. 

2) Transportation (Harvestry) 

<i> Existing Study 

Regarding palm harvesting, FPS [2003] gives the average shipping distance as 10 km. 

On the other hand, regarding the collection of waste food oils, calculations in the Mitsubishi Research 
Institute (MRI), et at. [2002] (p. 11.84) assume that a medium sized truck (fuel consumption 3.3 km/L) will 
travel an average 3 km per t of collected w'aste cooking oil. 

<ii> This study 

Energy regarding rapeseed harvesting is treated as zero, as energy for harvesting has already been considered 
as a part of cultivation in the farming process. In addition, regarding palm harvest, although there a large 
variations depending on harvest area, energy consumption is treated as zero in this study as energy 
consumption related to harvetiting represents only a small part of the energy consumption for the overall BDF 
production pathway. 

Regarding the collection of wattle food oils, as with MR], et al. [2002], calculations were based on the 
assumption that a medium sized truck (fuel consumption 3.5 km/L) will travel an average 3 km per t of 
collected waste food oil. 

In addition, regarding transportation from harr'est location to BDF production facility, as it is important that 
conversion to BDF at the harvest location is practical and that for BDF production from high quality raw palm 
oil, free fatty acid is not generated, proximity between raw palm oil production facility and BDF production 
facility is desirable (NEDO [2003-2]), therefore the energy for transportation from harvest location to BDF 
production facility is treated as zero. 


3) BDF Production (Oil Extraction) 

<i> Existing Study 

Regarding oil extraction, data related to raw' oil production from rapeseed in Japan is provided in FPS [2003J. 
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In addition, entries concerning oil extraction can be found in ETSU [1996], Shaine Tyson [1998], Sheehan, .1. 
et al. [1998], Kadam, SU,. et al. [1999], Armstrong, A.P. et al. [2002], Ahltik, P. el al. [2002], and EUCAR, 
CONCAWE, & .IRC/TES [2003] Appendix 1 , and so on. 


<ii> This Study 

Prior studies concerning oil extraction from rapeseed give figures for overall energy input (Ml), although 
some are unclear as to energy type. In addition, of those that do give clear indication of energy ty'pe, many 
involve the use of natural gas, which cannot be assumed in relation to oil extraction from rapeseed in Japan. 
Therefore, this study uses data provided in ETSU [1996] (p.97, p.!56-157), which uses only electricity as the 
energy related to oil extraction from rapeseed. 

In addition, regarding palm, as the related data was unobtainable, eneigy consumption and GHG emissions 
calculations were conducted using data provided in EUCAR, CONCAWE, & .IRC/IES [2003] Appendix 1 
(p.40), a relatively recent document regarding oil extraction from rapeseed’. Furthermore, NEDO [1992] was 
used for reference concerning palm oil yield from palm (excluding surplus material). 


4) BDF Production (Refining) 

<i> Existing Study 

Regarding the refining process required for esterification, inventory data concerning the refining of rapeseed 
oil (raw oil) is provided in EUCAR, CONCAWE, & JRC/IES [2003] Appendix 1 (p.40). 

<ii> This Study 

Regarding the refining of rapeseed oil (raw oil), data provided in EUCAR, CONCAWE, & JRC/IES [2003] 
Appendix 1 (p.40) has been used. In addition, regarding palm oil (raw oil), as the related data was 
unobtainable, it was assumed to be included in the BDF production (esterification) process. 

5) BDF Production (Esterification) 

<i> Existing Study 

In relation to the BDF production process, NEDO [2003-2] shows FS results relative to BDF production on a 
scale of 15,000,000 1 per year. The process assumed here is the ECB Enviro Berlin AG process. 

Regarding BDF production from soybean oil, information based on examples in the U.S, is compiled in 
Sheehan, J. el al. [1998]. The example given in the study is not of mechanical oil extraction but of oil 
extraction through the use of solvents. 

Regarding rapeseed oil, EUCAR, CONCAWE, & JRC/IES [2003] Appendix 1 studies energy input for a 
hypothetical plant on a production scale of 20,000 t/year, using a 10,000-15,000 t/year system currently in 
operation in the EU for reference. It is considered in this system that materials remaining above ground after 

^ Regarding oil expression from palm, altliough the use of electricity or natural ga.s is anticipated, as there are cases 
in Malaysia where oil expression is conducted manually, there may be cases where energy consumption and GHG 
emissions of this process are not taken into consideration. 
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rapeseed harvest are partly used as an energy resource and that all in-house power is provided through natural 
gas. 

to addition, although BDF production is gradually progressing in Japan, in principle, the focus is on waste 
food oil. In many cases, data related to energy input is derived from materials based on hearing surveys. 


<ii> This Study 
[Esterification of rapeseed oil] 

As existing research has considered the input of energy resources other than electricity in relation to the 
e.sterification of rapeseed oil, the following four cases were considered in this study. 

Case 1) Use of rapeseed straw 
Case 2) Use of natural gas 
Case 3) Use of electricity + natu ral gas 
Case 4) Use of electricity only 

The cases here consider cases w'here electricity is purchased from the networks, and cases where in-house co- 
generation is conducted using rapeseed straw or natural gas to provide electricity. 

In addition, regarding energy consumption and GHG emissions in the process leading to methanol production, 
calculations were based on relatively recent studies with natural gas as the resource, conducted by PEC [2002- 
2] and General Motors, et al [2002], giving fuel efficiency at 67 % (worst case scenario). 

[Esterification of palm oil] 

Esterification of palm oil is studied in NEDO [2003-2] (p.97), and this data is also used in this study. 

[Esterification of waste food oil] 

Regarding processes of esterification of waste food oil already in progress in Japan, as there are only 
examples of electricity for energy input, in this study, the esterification of rapeseed oil (Case 4) is also applied 
to waste food oil. 

6) Overseas Transportation (Sea/Land) 

<i> Existing Study 

In EPS [2003], calculations are made with distance from South-East Asia to Japan at 5,000 km (one-way) and 
a crude oil tanker (0.059 MJ/t-km) as the tanker, 

<ii> This Study 

This study also conducted calculations with distance from South-East Asia to Japan set at 5,000 km. (one- 
way). In addition, the tanker in this study is a 100,000 1 class crude oil tanker. 
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7) Domestic Transportation (Sea/Land) 

<i> Existing Study 

In FPS [2003], calculations are made with the average domestic shipping distance (round trip) set at 
approximately 209 km for transportation undertaken by tank lorry from distribution base to gas station. 


<ii> This study 

In this study, data related to the domestic transportation of diesel calculated in “2.1 Petroleum Based Fuel 
Production Pathways” has been substituted. 


(2) Ethanol 
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Figure 2.3.3 Pathway flow for ethanol production 


Ethanol is not supplied directly into a vehicle, but is used as a blend with gasoline or converted into ethyl 
tertiary butyl ether (ETBE) and then blended with gasoline. Assuming blending with current gasoline 
calculated in “2.1 Petroleum Based Fuel Production Pathways”, this study focuses on three fuels types; 3 % 
ethanol blend gasoline, 10 % ethanol blend gasoline and gasoIine/ETBE blend. 
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1) Farming 

<i> Existing Study 

Regarding com farming, the results of studies in North America have been compiled by Marland, G et ai 
[1991], Lorenz, D. et al. [1995], Leveiton Engineering Ltd. etal. [2000], Aden, A. etal., and variations can be 
seen depending on fertilizer input and irrigation. 

A report on sugarcane farming in Brazil can be found in Isaias de Carvalho Macedo [1998]. The eneigy for 
cultivation reported in the study is mainly diesel, fertilizer and insecticide, with both average and optimum 
data compiled in the report. Mechanization of harvesting is currently at 20%, with the report indicating future 
mechanization up to 50 %. 

Data pertaining to fertilizer, insecticide and energy input related to cultivation is compiled in EUCAR, 
CONCAWE, & JRC/IES [2003] Appendix 1 for wheat, and ETSD [1996] for winter wheat. In particular, 
wheat drying is included along with machinery ftiel in data related to diesel in EUCAR, CONCAWE, & 
JRC/IES [2003] Appendix 1. EUCAR, CONCAWE, & JRC/IES [2003] Appendix 1 also compiles data 
related to sugar beet farming. 

For data regarding cellulosic biomass fanning, an example of hybrid poplar is compiled in Lorenz, D. et al. 
[1995]. As little fertilizer is used and there is no irrigation, energy input is low in comparison to other crops 
such as com. 

Regarding waste wood, as the use of waste materials generated from (he demolition of houses and so on is 
assumed, energy input and GHG emissions are treated as zero. 

<ii> This Study 

[Corn farming] 

As a number of reports from prior studies are available regarding com fanning, these reports were compared 
and data given for the maximum energy consumption case (Lorenz, D. et al. [1 995]) and the minimum energy 
consumption case (Marland, G et al. [1991]) has been used to calculate energy consumption and GHG 
emis.sions. This data also includes energy consumption related to fertilizer production, irrigation, com drying, 
and so on. 

[Sugarcane farming] 

Regarding sugarcane farming, calculations for energy consumption and GHG emissions were based on 
average data and optimum data provided in Isaias de Carvalho Macedo [1998], This data also includes energy 
for fertilizer production, insecticide and cultivation. As Isaias de Carvalho Macedo [1998] cites everything in 
terms of input energy, CO 2 emissions were calculated under the assumption that energy for cultivation 
referred mainly to cultivation related machinery, and that fuel for such would be diesel. 

[Cellulosic biomass farming] 

Regarding cellulosic biomass farming, energy consumption and GHG emissions calculations were based data 
provided in Lorenz, D. et al. [1995]. Ethanol conversion using cellulosic biomass has yet to be industrialized. 
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and the results here are from trial calculations from theoretical values for hybrid poplar. 


2) Overseas Transportation (Land) / Domestic Transportation (Collection) 

<i> Existing Study 

Energy figures for the transportation of sugarcane to ethanol conversion plants in Brazil are given in Isaias de 
Carvalho Macedo [1998]. A lecture given by the Nanotech Department of Mitsui & Co., Ltd., stated that 
transportation of sugarcane was conducted mainly by truck, and that profitability for such transportation to a 
distillery could only be maintained within a 50 km radius of the distillery. 

<ii> This Study 

In this study, calculations are based on 10 1 trucks (fuel consumption 3,5 km/L) and a shipping distance of 50 
km (one-way). Transportation related to domestic waste wood collection is treated in the same manner. 


3) Ethanol Conversion 
<i> Existing Study 

Many reports in the U.S., such as Lorenz, D. et at [1995] and Gr^ski, M.S. [2002], compile data regarding 
com based ethanol conversion. There are two types of pre-treatment process that can be used in com based 
ethanol production, the dry-mill process and the wet-mill process, and energy input varies depending on the 
pre- treatment proces.s. 

In the dry-mill process, com is ground and water added to produce com slurry. Once enzymes have 
hydrolyzed the sluny, the resulting sugar content undergoes ethanol conversion. Fermentation rasidue is dried 
and gathered, and sold on as DDGS (Distillers Dried Grains with Solubles). 

In the wet-mill process, sugar content undergoes ethanol conversion once the com oil, in particular the 
nutrients known as gluten feed and gluten meal, has been separated. 

ETSU [1996] compiles data related to ethanol conversion using wheat as the feedstock, summarizing energy 
input for a system that extracts starch after the wheat has been ground and conducts ethanol conversion on a 
scale of approximately 140 t/d. Here, the source of in-house electricity is wheat-straw and natural gas, and the 
byproduct is DDGS for use as animal feed. Although similar studies have been undertaken in EUCAR, 
CONCAWE, & JRC/IES [2003] Appendix I , the scale of the plant is unclear. 

Energy input related to cellulosic biomass ethanol production in the U.S. is compiled in Itorenz, D. et al. 
[1995], This reports shows the results of a process simulation of the U.S. Arkenol, Inc. process on an 
industrial scale, and provides data ranging from biomass farming through to ethanol production. 

Average data and optimum data is compiled in Isaias de Carvalho Macedo [1998] regarding molasses based 
ethanol conversion in Brazil. 

Regarding ethanol conversion of cellulosic biomass, Kadam, K.L. et al. [1999] compiles process simulation 
results regarding ethanol conversion following two types of pre-treahnent process, the acid degradation 
process currently under development and the enzymatic hydrolysis process under consideration for future 
development. In addition, fladam, K.L, [2000] conducts a similar study into the ethanol conversion ofbagas.se 
in India, These studies assume a production scale of 800 t/d. 
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In addition, EUCAR, CONCAWE, & JRC/IES [2003] Appendix 1 also compiles data regarding the ethanol 
conversion of sugar beet fibre remaining after juicing. 


<ii> This Study 

[Ethanol conversion from com] 

Regarding the ethanol conversion of com, there are differences in energy consumption depending on whether 
the com degradation pre-treatment is conducted using the dry-mill or the wet-mill process. In this study, 
following consideration and comparison of Levelton Engineering Ltd. et al. [2000] (Canada) and Graboski, 
M.S. [2002] (U.S.) for the dry-mill process, and Marland, G et al. [1991] and Graboski, M.S. [2002] (U.S.) 
for the wet-mill process, energy consumption and GHG emksions were calculated based on data provided for 
maximum energy consumption (Marland, G et al [1991]) and minimum energy consumption (Levelton 
Engineering Ltd. et al [2000]). 

[Ethanol conversion from sugarcane] 

Regarding the ethanol conversion of sugarcane, calculations for energy consumption and GHG emissions 
were based on average data and optimum data provided in Isaias de Carvalho Macedo [1998], 

Regarding the ethanol conversion of sugarcane, there are many cases where bagasse (sugarcane residue) 
combustion is used to power steam turbines for power generation. When calculating GHG emissions in this 
study, GHG emissions for purchased power equivalent to power generated through bagasse combustion were 
also studied for comparison purposes. Calculations here for total bagasse generation are based on material 
balance data given in Japan Energy Research Center [2002] (p.l02). 

[Ethanol conversion from cellulosic biomass] 

Regarding the ethanol conversion of cellulosic biomass, the process using acid as a pre-treatment for biomass 
sacchariftcation, has been included. 

Regarding the ethanol conversion of cellulosic biomass, energy consumption and GHG emissions calculations 
are based on data provided in Kadam, K.L. et al. [1999] (p.34). The calculations in this data separate 
cellulosic materials into shrubs, softwoods and rice straw, of which this study uses data for shrubs and 
softwoods. 

Regarding the ethanol conversion of waste wood, data related to softwoods with comparatively similar 
compositions is applied, and conversion into heating value in Japan and re-calculation was conducted only in 
relation to natural gas consumption. 


4) Overseas Transportation (Sea) 

<i> Existing Study 

In EPS [2003], calculations are made with shipping distance from India to Japan at 8,900 km (one-w'ay) and a 
crude oil tanker (0.068 MJ/t-km) as the tanker. 
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<ii> This Study 

In this study, calculations are made under the assumption of transportation to Japan of, com from the U.S. 
(Los Angeles: 4,849 miles), sugarcane from Brazil (Rio de Janeiro: 11,768 miles) and cellulosic biomass from 
Malaysia (Bintulu: 2,5 11 miles). In addition, assuming that the tanker used will be the same vessel as used for 
methanol, details given in NEDO [2001-3] for capacity of methanol vessels, and speed and fuel consumption 
for GTL vessels was substituted. 

5) Domestic Transportation (Sea/Land) 

<i> Existing Study 

In FPS [2003], calculations are made with the average domestic shipping distance (round trip) set at 
approximately 209 km for transportation undertaken by tank lony from distribution base to gas station. 


<ii> This Study 

In this study, data calculated in “2.1 Petroleum Based Fuel Production Pathways” in relation to the domestic 
transportation of gasoline has been substituted. 


6) ETBE Production 

Regarding the ETBE production from ethanol process, energy consumption calculations are based on Kadam, 
K.L. et at. [1999] (p.38) and “Regarding ETBE” found at the MOE website (http://www.env.go.jp/earth/ 
ondanka/renewable/03/mat_03 .pdf). 

7) Blending 

Energy consumption and GHG emissions of the blending process have been omitted, as the information 
required to create inventory data was unobtainable. 


(3) Biogas (Methane Gas) 

The CH 4 fermentation pathw'ay flow examined in this study are shown in Figure 2.3.4: 
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Figure 2.3.4 Pathway flow for CH, fermentation 
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1) Domestic Transportation (Collection) 

CRi fermentation feedstock in Japan focuses on sewage sluc^e and livestock manure, and ver>' little tbcus is 
placed on food waste and others. 

Regarding sewage sludge, the main form of transportation is pipeline from the .sewage plant, with some septic 
tank sludge shipped by sewage vacuum car. In addition, regarding livestock manure, in many cases the 
manure is accumulated in tanks at the farm and then shipped in by overland transportation (e.g. light trucks) 
owned by the farms. Therefore, calculations in this study are based on 2 t trucks (fuel: gasoline, fuel 
consumption: 6.0 kin/1,) and a shipping distance of 10 km (one-way). 

2) CHj Fermentation 

<i> Existing Study 

The operational data for the system in Yagi Town, Kyoto Prefecture, in which digestive gas obtained through 
the CR fermentation processing of livestock manure and bean curd lees is used for gas engine power 
generation, is shown in Ogawa el al. [2003]. 

The Central Purification Center (CPC) of Nagaoka-City, Niigata Prefecture, supplies digestive gas obtained 
through the CR fermentation of sewage sludge to city gas holders. 

<ii> This Study 

Calculations are made in this study for energy consumption and GHG emissions in relation to the CR 
fermentation processes of the previously mentioned Yagi system detailed in Ogaw'a et al. [2003] and the 
Nagaoka CPC example. 

In recent years, although many small-scale CR fermentation facilities have been esitablished, the utilization of 
these in terms of CR fermentation for automotive fiiel production is considered difficult. On the other hand, 
the Yagi Bio-Ecology Center covered in this study is the most famous and largest livestock manure CR 
fermentation facility in Japan, 

In addition, the Nagaoka CPC is most representative of biogas generation through CR fermentation for use as 
a substitute for city gas. In this study, energy consumption and GHG emissions calculations were based on 
data obtained through a hearing survey conducted in relation to the Nagaoka CPC. 


3) Distribution 

Regarding distribution to city gas holders, eneigy consumption and GHG emissions calculations w'ere ba,sed 
on data obtained through a hearing .survey conducted in relation to the Nagaoka CPC, 
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2.3.3 Calculation results 

Regarding Ihe fuel production pathways from biomass resources, the results of calculatioas for energy 
consumption, GHG emissions and energy efficiency during production of 1 MJ BDF are shown in Table 2.3.2 
(energy consumption). Table 2.3.3 (GHG emissions) and Table 2.3.4 (energy efficiency). 

The results of calculations for eneigy consumption, GHG emissions and energy efficiency during production 
of 1 MJ ethanol are shown in Table 2.3.5 (energy consumption), Table 2.3.6 (GHG emissions) and Table 2.3.7 
(energy efficiency). 

The results of calculations for energy consumption, GHG emissions and energy efficiency during production 
of 1 MJ biogas are shown in Table 2.3.8 (energy consumption). Table 2,3.9 (GHG emissions) and Table 2.3.10 
(energy efficiency). 


Table 2.3.2 WTT energy consumption of BDF production pathways [MJ/MJ] 
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Table 2.3.3 WTT GHG emissions of BDF production pathways [g eq-COa/MJ] 
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Table 2.3.4 WTT energy efficiency of BDF production pathways (LHV) 
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Table 2.3,5 WTT energy consumption of ethanol production pathways [MJ/MJ] 
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Table 2.3,6 WTT GHG emissions of ethanol production pathways [g eq-COj/MJ] 
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Table 2.3.7 WTT energy efficiency of ethanol production pathways (LHV) 
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Table 2.3.8 WTT energy consumption of CH 4 
gas production pathways [MJ/MJ] 
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Table 2.3.9 WTT GHG emissions of CH^ gas 
production pathways [g eq-COj/MJ] 
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Table 2.3.10 WTT energy efficiency of CHj fermentation pathways (LHV) 
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2.4 Synthetic Fuel Production Pathways 
2.4.1 Abstract 

Gas-to-Iiquid (GTL) technology, which converts natural gas to liquid fuel, ha.s recently become the focus of 
attention. The background to tliis is that upstream there is an abundance of undeveloped gas fields and an 
increased need for development in gas producing countries, while midstream there is improved economic 
efficiency due to improved GTX technology, and downstream there is an increased need for clean fuels due to 
stricter environmental regulations {Suzuki [2001]). 

Methods for the conversion of natural gas into liquid fuel can be divided into two broad categories, the 
indirect method, in which the gas is first converted into a highly reactive syngas (a mixture of CO and 
hydrogen) and then converted into FT synthetic oil, DME, methanol and so on, and the direct method, in 
which natural gas is converted directly to methanol and so on, without requiring initial conversion to syngas. 
Although the direct method w'as heavily researched in the 1980s in order to find a method of reducing costs 
related to the syngas production process, there were technical difficulties concerning the inhibition of carbon 
dioxide gas generation as a side reaction, and although research is still undertaken at universities and others, 
there is no current industry level research (Suzuki [2001]). 

The synthetic fuel production process consists of three processes, the syngas production process, the FT 
synthesis (DME synthesis, methanol .synthesis) process and the hydrocrackinglproduct refining process. 

(1) Syngas Production from Natural Gas 

Reforming processes are applied to produce syngas from natural gas; these include the following four 
methods: 

■ Steam Reforming (SMR) 

• Steam / COj Refonning 

- Autothermal Reforming (ATR) 

- Partial Oxidation (POX) 

The Hj/CO molar ratio for the composition of syngas generated from the above four methods is different for 
each gas (See Figure 2.4.1). 

Steam reforaiing 

SteaiTi/C02 refonning 

Autothennai refonning 

Partial oxidation 

1 2 3 4 5 6 

Hr/CX) molar ratb 

Figure 2.4.1 Relation between syngas production process and Hj/CO molar ratio 
([Source] Asaoka, et.al [2001 ]) 
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1) steam Reforming (SMR) 

This process has the greatest track record. Generally, this method uses a reaction between the hydrocarbons in 
the feedstock and steam, in the presence of a nickel catalyst, at 600-850 degrees C and 2-3 MPa. The chemical 
formula is as follows. 

CHj + HjO-^CO + SHj 

As this is a strong endothermic reaction, the method is characterized by the need for the heat source (Sato 

[ 2001 ]). 

2) Steam / CO 2 Reforming 

This method combines the steam reforming reaction and the CO 2 reforming reaction, using steam and COj as 
oxidizing agents to convert natural gas into syngas. Although the optimum Hj/CO ratio of syngas for a FT 
reaction is 2, as steam refonning of natural gas generates a Hj/CO ratio greater than 3, a CO 2 reformer is 
added to allow adjustment through CO, reforming. JNOC is also conducting research and development of this 
process, which allows CO, contained in the feedstock gas to be utilized along with the natural gas as part of 
the feedstock without requiring removal. 

3) Autothermal Reforming (ATR) 

This reforming method combines the partial oxidization process (an exothermic reaction) with the steam 
reforming process (an endothermic reaction) in order to improve thermal efficiency, while maintaining 
thermal balance through one or two reactors. Autothermal reforming uses pure oxygen. As with the steam 
refonning process, a nickel catalyst is used (Sato [200 1 ]). 

4) Partial Oxidation (POX) 

By providing less oxygen than would be required for complete combustion in the absence of a catalyst, this 
method causes incomplete combustion and uses the heat obtained from the exothermal reaction for 
gasification. As no catalyst is used, no problems occur even if impurities are present in the feedstock. Tliis 
method can be applied to many hydrocarbons other than natural gas, such as coal, heavy oil and biomass. 

Pure oxygen or air is used as the oxidizing agent. The chemical reaction formula is as follows (Sato [2001]). 

CH, + (1/2) Oj -> CO + 2H, 

(2) FT Synthesis, DME Synthesis and Methanol Synthesis 

Possible processes following on from syngas include FT synthesis, DME synthesis and methanol synthesis. 
However, as each process has its own suitable Hj/CO molar ratio\ a process combined with a reforming 
process to attain the suitable H,/CO molar ratio is desirable. 


’ Although for methanol synthesis the ratio is (H2 - COj) / (CO + CO,), this shall also be cited henceforth as H 2 /CO 
ratio 
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■■ FT synthesis 

: 211, 

+ 

CO 


(l/n)(CH,), 

+ HjO 

+ 167 kJ/mol 

* DME synthesis (direct) 

; 3CO 

+ 

3H, 


CHjOCH, 

+ CO, 

+ 244.9 kJ/mol 

- Methanol synthesis 

: CO 

+ 

2H, 


CH,OH 


+ 90 kJ/mol 


CO, 

+ 

3H, 


CH,OH 

+ H.O 

r 49 kJ/mol 


The reaction formula for each is shown below. As is apparent from the reaction formula, the H./CO molar 
ratio suitable for FT synthesis and methanol ^diesis is 2, and the ratio suitable for DME synthesis is 1 . 
Therefore, for FT synthesis and methanol synthesis, the reforming processes that attain a Ho/CO molar ratio in 
the region of 2, as shown in Fig 2.4.1, namely the autothermal reforming process and the partial oxidization 
process are suitable. Although a FT synthesis process using Steam/C02 reforming has recently been 
developed, as this reforming process is able to attain H2/CO molar ratio=2, it is also extremely suited to FT 
synthesis. 

* FT synthesis, DME synthesis, methanol synthesis through the gasification of coal or biomass 

Where gasification of coal or biomass is conducted, a wet gas cleaning process is first ^plied, as substances 
such as tar are present in the syngas. Aftenv'ards, depending on the CH4 concentration present in the syngas, 
the gas is passed through a reformer and then on to a process to attain the suitable H^/CO molar ratio for the 
subsequent stages. If the H./CO molar ratio is greater than required at this point, suiplus H2 is generated 
causing deterioration in efficiency. 

As with the refonning of natural gas, when coal is gasified a syngas containing IT and CO is generated, but as 
the hydrogen content in coal is low the H2/CO molar ratio of the gas is H2/CO ^ 1 . 

With the gasification of bioma.s.s, the composition of the generated syngas varies depending on the type of 
gasification furnace (furnace shape, different amounts of steam, oxygen/air input during gasification). H2/CO 
molar ratios can be either H2/COS 1 or H2/COS 1 . 

As FI' synthesis and methanol synthesis require a syngas with H2/CO molar ratio=2, for syngas with H2/CO 
molar ratio^2, the following shift reaction is used to adjust ratio to H2/CO molar ratio=2. 

Shift reaction : CO + HiO 4--^ CO2 + H2 


An example of biomass gasification including CH, reforming and FT synthesis process flow is shown in 
Figure 2.4.2. 



- 48 - 





121 


(3) Hydrocracking of Hydrocarbons 

Although, a range of products such as naphtha, kerosene and diesel can be derived from Ff synthesis, the 
principal constituent of these is normal paraffin with a rariety of carbon chains. In this process, each product 
is obtained through distillation following the hydrocracking of hydrocarbons obtained through fT synthesis. 
The principal qualities and characteristics of synthetic ftiels are shown in Table 2.4.1 and Table 2.4.2. 


Table 2.4.1 The principal qualities of synthetic fuels 



} FTDksd 

Mefliiajol 

S DME 


Sasol 

SSPDBii^ ^ 

Shell 

SMUSiXesd 

CHjOH' 

CjHsO 

Molecular weight 



32.04 

\ 46.07 

Composition ratio 

C 

wt% 

84.9 

84,91 

37.5 

n 


H 

wt% 

15! 

14.97 

12.6 

13-1 


N 

wt% 


0.67 1 




O 

wt% 

0 

0 

49.9 

34.7 

Deasity 


kg,'L 

0.7698 

0.7845 

0.796 

0.667 


Of-, latm 

kg/m- 




2.05 

Freezing point 


V- 



-97.5 


Boiling point 


X 

159-352 

210-338 

65 

-25 

Vapor pressure 

@3812 

kPa 



32 



@3812. 

Psi 



mmmm 


Specific heat 


kJ/(kg-k) 




2.99 

Kinematic viscosity 

@20X1 

mPa-s 


HHHHIIl 


< 1 


@20'C 

CSt 






@40t: 

CSl 


3.57 



Water solubility 

@2it; 

Moisture voi% 



100 


Electrical conductivity 


mlios/cm 



4.4 * 10-’ 


Latent heat of evapolation 

kJ/kg 



1,178 

467.13 

Higher heating value 


MJ/kg 

46,7 

47.2 

22.7 

31,7 

MJ/L 

35.9 

37.0 

18.1 

21.1 

Lower heating value 


MJ/kg 


44.0 

19,7 

28.8 

MJ/L I 


34.5 

15.8 

19.2 

Flash point 


■c 

59 

72 

11 


Auto ignition temperature X' ] 



464 

235 

Combustion limit 

Lower limit 

vol% 



7.3 

3.4 


Upper limit 

vo!% 



36.0 

18.6 

Theoretical air/iuel ratio j 



6.45 

9,0 

Velocity of diffusion flame 

m/s 



2-4 

0.54 

Octane numba' 

RON 




108.7 


MON 



88.6 


Cethane number 

>74.8 

>74 


55-60 

Source 

: .Mybuigh, a/ 
[2000] 

Norton, et aL 
E1998] 

Bcxihtold 

[199'7] 

Bosch [2000] 
EIA[1994] j 

Kajilani, et al. 
[1998] 

Bosch [2000] 
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Table 2.4.2 Properties of synthetic fuels 


([Source] '>:Suzuki [2001], Nakamura [2002], ^>:PEC [2002-1], “'iJHFC website) 


I Advaint^ j 

Disadvanta^ 

FT diesel 

i • No need to develop new infrastructure and 
technology to be used, since its property is 
almost the same as petroleum-based diesel (As 
with other FT synthetic oils). 

* Easily comply with quality standard of : 
automobile diesel regulation due to its prcqxrty i 
of high cetane number and low arc«natic i 
content. 

* Experience as commercially opiated plants.^^ 

* Also valuable as a blending matoial of 
petroleum products. 

' Could w^orsen fuel efficiency because its 
density is relatively low. 

• Poor lubrication due to its low sulfur and 
aroma contents, while low expansivity of sea! 
due to its high paraffin willi low aroma 
content. 

FT 

kerosene 

• Superior in combustion qualit>' due to its low 
sulfur content and high smoke point. 

• Has a potential to be used as a fuel for 
household fuel cell besides an alternative of 
kerosene. 

• Exjiected to be used as an aviation fuel (in 
South Africa, a mixed fuel of FT kerosene and 
petroleum-based jet fuel has been utilized). 

• The existing petroleum-based kerosene is 
sufficient in quality, so the issue is how much 
degree of premium it would be able to gain. 

FT naphtha : 

• Suitable for petrochemical naphtha as a 
feedstock for ethylene degradation due to its 
high paraffin content 

• Expected as a fuel for fuel cell vehicles due to 
its few sulfur and aroma contents. 

• If used at conventional internal combustion 
engine for gasoline, its low octane number 
needs to be increased by means such as 
alkylation. 

DME 

• Similar property to LPG, so that infrastructure 
for LPG would be available. 

• R&D has been underway to use it as a 
substitute fuel of diesel (fuel for diesel engine) 
besides LPG substitute. 

• Used for a limited purpose such as aerosol 
propellant as the CFC substitute so far, so tlie 
market is quite small, 

• Its properties as a fuel, such as combustion 
quality, have not been sufficiently figured out.^^ 

• Infrastructure building and technology 
developments are nece.ssary in order to use it 
as a fuel 

• There are other issues to be solved such as 
production specification as a fuel, safety 
recognition, establishment of standard for 
use.^l 

Methanol 

I 

• Methanol vehicle ivS classified as low emission 
vehicles in Japan. 

• For the use of a fuel for fuel cel! vehicles, it 
can be reformulated in lower reaction 
temperature in comparison with other fuels. ‘‘1 

• One of the toxic agents designated by 
"Poisonous and Deleterious Substances 
Control Law". 

• If used as automobile fuel, fuel efficiency tends 
to get worse because of its low heating value, 
alfiiough its octane number is high. 

• Unsuitable for diesel engine due to its low 
cetane numbei’. 
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2.4.2 Procedures for data collection of unit process 

The synthetic fuel production pathway flow examined in this study is shown in Figure 2.4,3. Of these 
pathways, this study acquired prior studies related to FT synthetic oil, DME, methanol production from 
natural gas, FT synthetic oil production from coal, FT synthetic oil, DME, methanol production from biomass. 
Prior studies related to other pathways, specifically DME and methanol production from coal, could not be 
acquired. Consequently, this study has attempted to make estimates for these pathways. Specifically, in 
relation to all synthetic fuel production pathways, including these pathw'ays, conditions were set for a 
particular process, and energy efrieiency estimates were made according to those conditions. Conditions set 
for the estimates and the estimates are shown in “(10) Energy Efficiency Estimates” at the end of this section. 
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Figure 2.4.3 Pathway flow for synthetic fuels production 


(1) FT Synthetic Oil Production Pathway from Natural Gas 
<i> Existing Study 

Thble 2.4.3 shows data calculated in prior studies. As the range of fuel types studied vaties with each report, 
fuel types are also clearly indicated. 
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Table 2.4.3 Energy efficiencies and carbon efficiencies regarding natural gas based FT synthetic 
oil production pathways in existing studies 


Ffefcrau; 

Rsdatii 

ftreiil 

liBgj'cSickn^'tr 

a«reyaisii}tiai 

CO^onskiKT 

tatcn^iQai^ 

ftgsHJSkii aa 

■W^MQ(3aL[i995| 
(A^ire lih ) 


Htiesd 

66% 

%% 


NsRralpB 

Mdiesd 

«% 

T^% 

Bajy ^fidaty dies irt <*E ^ *xx«t te Hal SI aiain 

Natural ps 

ricted 

57% 

73% 

I>si@i<fces nrt srlufc ^amci daBxaiy ©lat. 

Flared uas 

FTdksd 

55% 

73% 


Hared BK 

ri diesd 

57% 

73% 


Mrse, 

Nauial^ 

FTsv«ii£Si.:ai 

39.1% 

57% 

cunvetfioEHl predxl 


FT sytltencal 

573% 

3a3% 

Ascxsated is fsckcdc 

AssoaaKdcas 

FlsvrthSical 

57.1% 

392% 

i^scoated gB ® power gsaam 

Lnh. 

[2C01] 

Nsirdl^ 

FTdksi 

61-65% 

75-85% 

ssean or a?m 


FFitei 

i«|Me 

53-57% 

’K-85% 

ioa^liiigena^ina>pnxk£ts. 

/MiJvfeP,eta[200!J 

(BxHHfiic) 


Frs>TlhaKai} 

57% 



MQ{2)01] 


FfiScid 

62% 

783% 

Stantblae 

{.'Vgire fssscral f.4ij 


Fl'cfeid 

54% 

68.4% 

Kaftdilltsigpi Niixtiksv. 



Fldcsd 

49.6% 

®.4% 

RstechEbsigi. \V^eiedncttvcc¥»iereBai 


Nctual^ 

FTdiisi 

57% 

72% 

•StifickuraDsigi Slax&ki£ 


NaiidgE 

Frdbid 

49% 

72% 

^nrofeunCteigi Wfiisteanco^nsatm 


Flared^ 

FFtfesEl 

57% 

65% 

Bared gis as jixdSiKk. Stadilcnx 

PB;r20Q2-2] 


FTdiesri 

49-66% 

laio-iTSOeCC^i^FrD 




FTdieai 

6l-«% 

158-213 &aVMl-nD 



NHtur^^ 

FFrapltiH 

61-65% 

173-23.0 eOCVMl-FTN 


StdlG&&PcM7r2GQ2] 


lT!5t6iEU:otl 

60-65% 

80 - 82% 

SVCS (Sell Mdde S^xhsLs) 


Data given in Bechtel Coiporation [1998] has been used to calculate some of the data given in Marano, J J et 
al [2001]. In addition, Beer, T., et al [2001] (p.l28) adopts values for fuel efficiency (taking calorific value 
of steam into account) and carbon efficiency (for FT diesel) as given in Wang, M.Q., et al. [1999] (p.34). 
PricewaterhouseCoopers [2003] was released in May 2003 as the final report of a study on SMDS (Shell 
Middle Distillate Synthesis) technology, developed by Shell. Shell Gas & Power [2002] and some other 
reports are thought to be publications generated by this study. 


<ii> This Study 

In this study, energy consumption and GHG emissions calculations for the FT synthetic oil production from 
natural gas process are based on PricewaterhouseCoopers [2003], which focuses on new technologies and 
provides comparatively detailed data. As the report assumes a SMDS plant in the Middle East with unit 
heating value for natural gas feedstock at 43.2 MJ/kg, this study also uses this value. In addition, as the report 
also implements load distribution through weight, this study also follows suit. 
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(2) DME Production Pathway from Natural Gas 
<i> Existing Study 

Table 2.4.4 shows data calculated in prior studies. 


Table 2.4.4 Energy efficiencies and carbon efRciencies regarding natural gas based DME 
production pathways in existing studies 


fid'aaix 



Enagy efBdasy O’ 
HET^ aTCmtptkn 

Ops«nisskn<r 
cabcn efficient 

etc. 

fliBtscik J. B. iaid,|'JQ95| 
{ifalckTl'q'Bce) 

NSurai^ 



0.44t<XVW3ME 


Wa^MQ.(aal.[lW] 
{AigcmtTsatkstil Lifc.) 

Nauralgas 

DIVff:-; 

69% 

0.446 

hb daaridty co^nsratvcii ittcranata! 

gas 

IME 

70% 

0.446 


FlfBtxlgas 

IR^III 

68 % 

0.446 


Flfflxxlgas 


69% 

0.446 

Hared g»s as fcokixkFb dearie^ (Mgoicr^ ie8|>forAard 


NatirEdgsfi 

DME 

?l % 

am^iocai 

Netwal gas input : 1. 114 6611 ’ /t-CME 

JkkkjrToF8«sr2001j 

15^0011 gEB 

DME 

71.2% 

ISSkgXTb'l-DME 
iZ3 §<XWMJ-DME 


.‘yilvik, P.ct 81(20)1] 
(Ecrtraffic) 


DMti 

74% 




Of the above prior studies, the report of a study conducted by Denmark’s Haldor Topsoe A/S into the 
company's own DME direct synthesis technology (Haldor Topsoe [2001]), provides specific input/output data 
related to the entire plant based on actual measurements, although it does not go into analysis of each 
individual process (see Figure.2.4,4), 


<ii> This Study 

For calculation purpose,s, this study uses data given in Haldor Topsoe [2001] for reference, as the basis for 
calculation is comparatively clear (see Figure.2.4.4). 



Figure 2,4.4 DME direct synthesis process by Haldor Topsee 
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(3) Methanol Production Pathway from Natural Gas 
<i> Existing Study 

Table 2.4.5 shows data calculated in prior studies. 


Table 2,4.5 Energy efficiencies and carbon efficiencies regarding natural gas based methanol 
production pathways in existing studies 


Refisoce 

Fecciacick 

hwiri 

Biagy eflicicn^ or 
t3Ei^caKts]|<ian 

CDiCinssiaiiT 

catnt^krmy 

Cfi^nsraticn, ac. 

L^iI990] 



7.1 

315.8 IgCCVt-JWfcCfi 

Enrs^coiaipicin irdudssensgyjsfffidiaid; 

\Vjng.M.Q.aa]-{i99‘)j 
(Aiprrae N^joreil Ldi) 


MsdHBi 

67% 


IiMSiimal. 



7)% 


Le^forwEsd 

Ftedps 

Maharol 

65% 

65% 

Inaematal. 

F^redga; 

Medaxi 

67% 

67% 

Iffi^fbrward 

ArgTiE Htiaial LA. 
[200i] 

Natuulgas 

Nfcdwirf 

67.5% 


sJcamcx decOicsv eqxiH. 


Mathano! 

64% 


Ewludii^ eno^' 

Ahlvik.P.etaLf2fi0tl 

(Bxsaffic) 


Ntahro! 

70% 

90% 


PEC'p»2-2] 

Natual^ 

Medsnd 

67-70% 

710-820 gCCVk^MsCH 


(Maal[2C02] 

Natival^ 

Medm-j 

67.3-69.4% 

12.4- 14.9 gCCV^C-MECH 



<ii> This Study 

Unlike FT synthetic oil and DME, for the methanol production from natural gas process, there is no data with 
a clear basis for calculation. Consequently, in this study, energy consumption and GHG emissions for the 
methanol production from natural gas process were calculated for two cases, from worst (67%) and optimum 
(70%) fuel efficiency figures given in PEC [2002-2] and General Motors, et al. [2002]. Furthermore, CO 2 
emissions calculations were made according to the method used in lAE [1990]. Specifically, according to the 
following procedure. 

1) Calculation of carbon content in natural gas used for feedstock and for fiiel 

2) Calculation of carbon content in the produced methanol product 

3) Difference in carbon content converted to COj weight, result given as COj emis.sions 

However, ailhough lAE [1990] subtracts associated CO 2 from the CO 2 emissions calculated in this manner 
and notes associated CO, .separately, this study stops at figures for CO 2 emissions inclusive of associated CO 2 . 
In addition, methanol heating values and carbon content (14) are as given in Table 2.4.1 and ANRE [1992] 
was used as reference for properties of natural gas used as feedstock and fuel. Regarding natural gas 
producing regions, although places indicated in PEC [2002-1] (p.H9) may be considered .such as Malaysia, 
Indonesia, Australia, Iran and Qatar, where plant construction is planned, this study uses simple averages 
derived from data regarding three countries (Malaysia, Indonesia (Badak), Australia) mentioned in ANRE 
[1992], 
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(4) FT Synthetic Oii Production Pathway from Goa! 

<i> Existing Study 

Table 2.4.6 shows data calculated in prior studies. R^arding the FT synthetic oil production from coal 
process, Marano, J.J et i3/.[2001] calculates fuel efficiency and carbon efficiency for several cases according 
to coal producing region and production technology. These calculations are based on data given in Bechtel 
Corporation [1998], 


Table 2.4.6 Energy efficiencies and carbon efficiencies regarding coal based FT systhetic oii 
production pathways in existing studies 


Retbcnce 

Feedstock 

Prodoci 

Enogy cffidwicy or 
en«^gy coi^oiplion 

CO 2 emisioR oi 
cabtKi efficiency 

Cogeneration. «c. 

Marano, J.J et al[2001) 
(E’S, U.C) 

Coa! (iilinois) 

FT synthetic oii 

50,4% 

40.1 % 

Shell Design. With conventional product upgradine. 

Coal(!!iinois) 

FT synthetic oii 

52 % 

41.1 % 

Shell Design. With ZSM-5 product upgrading. 

Coa) (lliinoisj 

FT synthetic oii 

47,4 % 

37.7 % 

Shell Design. With conventional product upgrading 
nuidized-bed catalytic cracking for wax conversion. 

C:oa! (Wyomingj 

FT synthetic oii 

49.3% 

39.1 % 

Shell Design. With conventional product upgrading. 


<!!> This Study 

[Mining / washing process of imported coal] 

As data obtained through hearing surveys with industry related to the coal mining proces.s, Hondo et al. 
[1999] gives figures for fuel input (diesel, gasoline, electricity) per unit weight during coal mining and coal 
washing for open-pit and underground coal mining in Australia, and calculates environmental burden for the 
entire lifecycle of imported coal consumption in Japan. The.se values are also used in CR.IEPI [2000] (p.l9). 

In this study also, energy consumption and GHG emissions were calculated for the extraction process and 
washing process of imported coal based on data given in Hondo et al. [1999], the extraction method at the 
imported coal source and actual import volumes. Furthermore, regarding energy consumption and CO 2 
emission factors during power generation in each country, data reflecting the power generation circumstances 
of each was created and applied. 

[FT synthetic oil production process] 

As with methanol production from natural gas, regarding the FT synthetic oil production from coal process, 
there is no data with a clear basis for calculation. Consequently, in this study, energy consumption and GHG 
emissions for the FT synthetic oil production from coal process were calculated for two cases, from worst 
(47.4%) and optimum (52%) fuel efficiency figures given in Marano, J.J et al. [2001]. Furthermore, CO 2 
emissions calculations were made according to the method used in lAE [1990]. Here, the carbon content in 
feedstock coal is the weighted average of carbon content (%) in coal from each country^ and import ratio. 
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(5) FT Synthetic Oil Production Pathway from Biomass 
<i> Existing Study 

Table 2.4.7 shows data calculated in prior studies for FT synthetic oil, DME and methanol production from 
biomass processes. 


Table 2.4.7 Energy efficiencies and carbon efficiencies regarding coal based synthetic fuel 
production pathways In existing studies 


Hierate 


mmni 

tm^xfficknycr 

CrXemsEkncr 

cabondRdat^ 

Co^'Esaioa dc. 

(E^IiQ 

HarsB 

FT^^Aiaiccil 
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372 % 
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Hohh; 
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45 % 
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{Ecoaffic) 

BcriEffi 
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Bans; 
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St% 


Bdirfrgl^‘fnxict: htwjer. 

(Bull A:) 

Bcms 

fv^trd 

(&% 


Indidrgbviraiua : hntwfte-krdstik^ 


<ii> This Study 

Regarding the FT synthetic oil production from biomass process, energy consumption and GHG emissions 
were calculated for two cases, from w^orst (45%) and optimum (51%) fuel efficiency figures given in Ahlvik, 
P. [2001] and Marano, J.J et aL [2001]. 


(6) DME Production Pathway from Biomass 

<i> Existing Study 

Shown in Table 2.4.7. 

<ii> This Study 

Regarding the DME production from biomass process, energy consumption and GHG emissions were 
calculated from fuels efllciency figures (57%) given in Ahlvik, P. [2001], 

(7) Methanol Production Pathway from Biomass 
<i> Existing Study 

Shown in Table 2.4.7. 

<ii> This Study 

Regarding the methanol production from biomass process, eneigy consumption and GHG emissions w'ere 
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calculated for two cases, from worst (54%) and optimum (65%) ftiel efficiency figures given in Ahlvik, P. 
[2001] and Marano, JJ et al. [2001], 

(8) Overseas Transportation (Sea) 

<i> Existing Study 

In relation to GTL (FI' synthetic oil), NEDO [2001-3] (p. 1-124 - 1-130) assumes an 80,000 t shipping vessel, 
and provides fuel consumption data for passage and while moored at loading/unloading ports. In addition, 
although the report gives the standard vessel size for methanol as 45,000 t, no fitel consumption data is 
provided. Although there is also no shipping vessel data given for DME, vessels are considered to have the 
same structural and functional properties as LPG vessels. 

PEC [2002-2] gives the vessel size for both GTI- and methanol as 50,000 t, with import sources (producing 
countries) stated as the Southeast Asia, the Middle East and Australia. 

<ii> This Study 

Regarding FT synthetic oil, this study uses data given for GTL vessels in NEDO [2001-3], Other than the 
omission of energy for cargo heating, which is not required for GTL, this data is the same as data for 80,000 1 
crude oil tankers given in PEC [1998] and PEC [2002-2]. 

Regarding DME, LPG vessel data used later in “2.5 Liquid Petroleum Gas Production Pathways” also applies 
here. This data is based on data given in lEEJ [1999] for overseas transportation of LPQ while for vessel 
speed, figures given in PEC [1998] for crude oil tankers have been substituted. 

Regarding methanol, figures given for methanol vessel capacity in NEDO [2001-3] are used, while figures 
given in the report for GTL vessel speed and fuel consumption have been substituted. 

Furthermore, regarding the import sources (producing countries) of each synthetic fuel, for natural gas based 
fuels, for the five countries (Malaysia, Indonesia, Australia, Iran, Qatar) given in PEC [2002-1] as having a 
high probability of becoming GTL suppliers to Japan, simple averages were calculated from data per country 
to obtain final values. For coal based fuels, suppliers were considered based on the actual import volume of 
coal given in METI [2002], and the weighted average was calculated from the actual import volume as the 
final value. Au.stralia is considered for biomass based fuels. 


(9) Domestic Transportation (Sea/Land) 

<i> Existing Study 

Regarding the transportation proce,ss of .synthetic fuels in Japan, NEDO [2001-3] states that GTL and 
methanol can be handled through the same .supply route as gasoline, and DME can be handled through the 
same route as LPG In addition, PEC [2002-2] also states that the environmental burden related to the 
transportation process of GTL and methanol in Japan is the same as for petroleum products. 


<ii> This Study 

in this study, for FT synthetic oil and methanol, data calculated in “2.1 Petroleum Based Fuel Production 
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Pathways” for the domestic transportation of diesel Iws been substituted, while for DME, data related to the 
domestic transportation of LPG has been substituted. 


( 10 ) Energy Efficiency Estimates 

In this study, in relation to each synthetic fuel production path, conditions were set for a particular process, 
and energy efficiency estimates were made according to those conditions. 

Regarding the production processes of synthetic fuels from all feedstock ty^es, existing information is 
insufficient as the number of operational facilities is limited. Therefore, in this study, for reference purposes, 
energy efficiency estimates were made by calculating material balance and heat balance for the main 
production processes of each fuel from feedstock, in order to estimate the general energy efficiency of each 
process. The natural gas considered here is pure CH,. In addition, as each process involves an exothermic 
reaction under pressure, calculations were conducted under the assumption that the heat recovered from the 
main process is used to power the compressor which is the main powered equipment in the process, while 
energy consumption of processes other than the main process, which was thought to be comparatively small, 
were not considered in the calculations. The conditions set are shown below. 


<i> Syngas production process 

Settings for the operating conditions of refotmers are shown in Table 2.4.8, 


Table 2,4.8 Operating conditions of natural gas reformer 


Reforming method ■ ■ 

Tfempaature pC] 

Pressure [MPa] 

Steam reforaiing 

850 

2.1 

Steam/COi retbnning 

850 

2.1 

Partial oxidation 

1,300 

2.1 

Autothermal reforming 

1,050 

2,1 

Coal gasification (Shell) 

1,371 

2.4 

Woody biomass 

982 

3.4 


The composition of synga-s from natural gas reforming were calculated from equilibrium composition under 
operating conditions shown in Table 2.4.8 for the reaction combinations given below. 


ca, + H2O CO + 3H2 

CO + HjO O CO, + H, 
CH, + CO, 2CO + 2H2 
CH, + 20, ^ CO, + 2H2O 


(formula 1) 
(formula 2) 
(formula 3) 
(formula 4) 


Regarding coal gasification and woody biomass, calculations cannot be made as there are no clear reaction 
formulas such as those above, and data based on actual measurements given in Williams, R.H, et al [1995] 
and Tijmensen, M..IA. [2000] has been used. 
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<ii> Hj/CO molar ratios 

H2/CO moiar ratios obtained from equilibrium calculations using the above “formula 1” - “formula 4” are 
shown in Table 2.4.9. “Formula 4” is used for partial oxidation and autothennal reforming. 


Table 2.4.9 Hj/CO molar ratio in syngas 



Hj^CO mote ratio 

Steam reforming 

3 

Steain/COj reforming 

2 

Partial oxidation 

1.7 

Autliothermal reforming 

2 

Coal gasification (Shell) 

0.5 

Woody biomass 

1.4 


<iii> Achieve the appropriate Hj/CO molar ratios 

When the syngas has a higher Hj/CO molar ratio than required for the subsequent process, the process 
progresses without any additional action. 

On the other hand, when the syngas has a lower Hj/CO molar ratio than required for the subsequent process, a 
CO shift reaction is introduced to achieve the appropriate Hj/CO molar ratio. As the CO .shift reaction is 
exotheimic, values of removed heat were also calculated. 

For syngas from biomass, as there is substantial CH, residue, the introduction of a CO shift reaction after 
passage through a refonner was assumed. The heat required by the refonner was assumed to be provided by 
heat recovered from the subsequent process. 


<iv> Calculate the volume of the fuel produced 

For the volume of fuel produced in the subsequent process, values were set for CO [kmol] in the syngas, 
product molecular weight [kg/kmol] and CO conversion rate (CO reaction rate in syngas) [-] (set at 0.95), and 
calculations were made according to the following formula. 

(Synthetic Product Volume [kg]) 

= (CO [kmol]) * (Product Molecular Weight [kg/kmol]) * (CO conversion rate [-]) 

For FT synthetics, although various catbon number compounds are generated, FT oil was treated as the total 
of C5+ constituents (carbon number greater than C5). C, - C, gas constituents are used as gases (Tijmensen, 
M.JA. [2000] assumes in-house use for IGCC power generation). 

In addition, the constituent ratio of caibon numbers n in FT synthetic oil have been calculated using chain 
growth probability a through o(«-l) * (1- a ), as shown in Figure 2.4.5. 


- 59 - 



132 


CO.Hz 

4 

4 ^ Cl 1-Cr 

4 

a l-cr 

a 4 C2 Q'(l-Q') 

4 

a' 

4 1-0 

a 4 C3 o^<l-a) 

o® 


Figure 2.4.5 Composition of FT synthetics 

<v> Caicuiate the product efficiency 

Efficiency was then calculated from the product volume obtained through the above using the following 
formula. 

(Product Efficiency f%]) 

= (Product Volume [kg] * Heating Value [MJ/kg]) / (Feedstock and Fuel Heating Value [MJ]) * 100 


2.4.3 Calculation results 

Regarding the synthetic fttel production pathways, the results of calculations for energy consumption, GHG 
emissions and energy efficiency during production of 1 MJ petroleum products are shown in Table 2.4.10 
(energy consumption), Table 2.4,1 1 (GHG emissions) and Table 2.4.12 (energy efficiency). 


Table 2.4.10 WTT energy consumption of synthetic fuel production pathways [MJ/MJ] 



{ From natural gas 

Fromcoa! 

1 From biomass 

Fr 

syrtiwic ■ 
oil 

DME 

Methanol 

FI' symhetic 
oil 

Ff s>T«hetic 
oil 

i3ME 

Metfwnol 

best 

worst 

best 

WOISt 

best 

worst : 

best 

worst 

l^«ain process of feedstock 

0,017 : 

0.016 

0.016 

0.017 ; 

0.028 

0.030 

0.074 

0.084 : 

0,066 

0,058 

0.070 

Fuel syiMlKsis 

0.514 

0,404 

0.429 I 

0.493 

0.923 

1,110 

0,961 

1.222 ; 

0.754 

0.538 

0.852 

Overasas transport^on 

0.017 

0.036 

0.069 ; 

0.069 

0.012 

0.012 

0,013 

0,013 i 

0,026 

0,050 

0.050 

Domssdc transportation 

0.005 

0.011 

0.010 ' 

aolo 

0.005 

0.005 

0.005 

0,005 

0,011 

0,010 

0,010 

Total • 

0.553 


a524 i 

0.589 


1.156 

1.052 

1.324 

0.8S8 : 

0.657 

0.983 


* Reference values estimated in this study (tentative calculation) [see (10)] 
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BtBHl 

0719 i 
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0.731 

1,956 

UMO 

1.178 
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aoi7 

0.017 

; 0.036 


1 0069 1 

0069 

0.012 

aCE5 

0.017 

0.013 

0026 

0.050 

I>3TEaic tJHSpot^cn 

Q005 

0.005 

■BniHi 

0011 


OOIO 

ao(B 

001! 1 

0.010 

0.(105 

aoii 

0010 

Total 

0.484 

i,<ro 
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I.: - 0777 j 



Q759 j 

0.S1 

2.0^ 

a7« 

1321 
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Table 2.4.11 WTT GHG emissions of synthetic fuel production pathways [g eq-COj/MJ] 



1 FmmfHWralgas 

frcmcoai 

FromtaoiTHSs 

FT 1 
s>’nlhetic | 
oil I 

DME 

Nfedonol 

FT syiAetic 
oil 

FT sjutlietic 
oil 

IME 
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bca 

WQIBt 
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i best 1 

worst 
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1.28 J 

1-19 

U1 

1.27 

10.86 : 

11.87 1 

i 5.01 ! 5.68 1 

148 

1 3.93 1 

4.73 

Fuel svnthesis 

20.00 1 

12.33 

15.63 

19.42 

54.63 : 

54.97 

j 0.00 1 O.OU i 

0.(X! 

! 0.00 1 

0.0(1 

Overseas tran^rtation 

1.34 j 

2.78 
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528 

0.93 

0.93 j 

i 0.99 j 0.99 : 

2 03 

1 3.87 i 

3.87 

Dwnestic transportation 

0..36 1 

0.84 

0.80 

0.80 

0.36 ; 

0.36 1 

! 0.36 1 0.36 : 

1 0.84 

, 0 80 

o.xo 

Tf«ai 

4 


mm 





7 35 

' 8 6i 1 

941 

FixexJtXX 

[zi: 




1 

1 i 
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1 Afi900 

' 69 Ot* 


* Reference values estimated in this study (tentative caicuiatton) [see (10)j 
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Table 2.4.12 Energy efficiency of synthetic fuel production pathways (LHV) 



1 From natural gas 

Frwncoal 

1 Frombiorrass 


FT 

SVTlllBtic 

DME ' 

Methanol 

FT synthetic 
oil 

FT syntlictic 
oil 

mE 

Methanol 


Oil 


best 

WOISt 

best 

woia 

best 

worst 


best 

worst 

Upstream ]»xvess of feedstock 

0.987 

0.987 

0.987 I 

0.987 ; 
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0.993 


; i 

1 

1 

1 

Fbel syndiesis 

0.661 

0.712 : 

0,700 : 

0.670 i 

0.520 

0.474 

0.497 

0.439 

0,556 

0.634 

0.527 

C>ver5ea.s trarc^rtation 

0983 

0.965 i 

0.936 : 

0,936 : 

0.988 

0.988 

0.987 

0.987 

0.974 
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0.952 

Domestic transportation 
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0.990 i 

0.990 ! 
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0.995 

0.995 

0.995 
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0.990 

0.990 

tbtal;':" 

BEISlil 


MW 


Him 
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MtM 

0.496 


* Reference values estimated In this study (tentative calculation) [see (10)] 
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2,5 Liquefied Petroleum Gas Production Pathways 
2.5.1 Abstract 

LPG is a hydrocarbon with carbon number 3 or 4, specifically propane, propylene, butane, butylene, or other 
petroleum products with these as the main constituents (see 2.1.1 (5)), 

LPG production methods include the following three methods. 

1 ) Gas associated with crude oil from oil fields is separated and refined and LPG is collected 
(associated gas derivative) 

2) Gas extracted from gas fields (mainly CH,) is separated and refined, and LPG is collected 
(raw natural gas derivative) 

3) Collection as a byproduct gas at petroleum refineries/petrochemical plants 
(from petroleum refining) 

Of these, the process of 2) up to the processing/liquefaction process is calculated in “2.2 Natural Gas Based 
Fuel Production Pathways”, and the process of 3) up to the petroleum refining process is calculated in “2. 1 
Petroleum Based Fuel Production Pathways”. Here, along with calculations for the LPG production from 
associated gas pathways of 1), weighted average values for achial LPG supply and demand ratio in Japan 
(associated gas derivative 61.4%, raw natural gas derivative 15,4%, petroleum refining derivative 23.2% 
(Source: lEEJ [1999] (p.37))) were also calculated for each pathway. 


2.5.2 Procedures for dale collection of unit process 


LPG production pathway flow examined in this study are shown in Figure 2.5.1: 



.ftxOT raw tiaiural {ps 
p.roc«!ising»»iil li^usfHction 
process (ovM-sasti) 


ton petraleum refinery 
procsss (t1onie.?tk) 


-> tow 


ichydiogfiH piwluctioii pathwsys 


Figure 2.5.1 Pathway flow for LPG production 


(1) Processing and Liquefaction of Associated Gas 
<i> Existing Study 

The COj emissions values given on a calorific basis for the production (extraction) process, accompanying 
flare combustion and CH, vent, in lEEJ [1999] (p.35), are the same values calculated for petroleum products 
inventory data in the report. In addition, as data could not be obtained for the proccssing/liquefaction process, 
a simulation was conducted based on the specifications of an overseas processing/liquefaction plant of the 
same scale. Furthermore, the report contains no mention of associated CO 2 , even in the petroleum products 


- 62 - 





135 


section, and seems to assume that CO, will not be generated even in the processing/liquefaction process of 
LPG from associated gas. 


<ii> This Study 

For the production (extraction) process, this study uses the calculation results of “2.1 Petroleum Based Fuel 
Production Pathways”. In addition, regarding the processing/liquefaction process, CO, emissions are quoted 
from simulation values in lEEJ [1999] (p.SO), and energy consumption was calculated according to the data 
upon which the same simulation was based. 


(2) Overseas Transportation (Sea) 

<i> Existing Study 

lEEJ [1999] (p.35) considers the tank capacity and stowage factor of a standard LPG shipping vessel, assumes 
the fuel used to be C-heavy fuel oil and A-heary fuel oil and, taking the propane and butane ratio of LPG for 
each region into account, cites weighted averages for CO, emissions based on import distribution ratios for 
1997. 

<ii> This Study 

This study cites values given in lEEJ [1999] (p.51) for data related to LPG vessels, and calculates import 
distribution ratio using actual figures for 2001 . Regarding LPG vessel speed, which is not mentioned in lEEJ 
[1999], the value given in PEC [1998] for 80,000 1 and 100,000 1 crude oil tankers (15.1 knots) was used. 
Furthermore, although lEEJ [1999] considers LPG vessel tank capacity in m’ units, as LPG is shipped in 
liquid form over the marine shipping process, unit notation here has been changed to kLto avoid confusion. 


(3) Domestic Transportation (Sea/Land) 

<i> Existing Study 

Although lEEJ [1999] gives figures for CO, emissions for domestic LPG transportation under the a.ssumption 
of overland transportation (tank lorry) and coastal transportation (coastal tanker), the reasoning behind the 
calculations is not clear. 

<ii> This Study 

In this study, values for the domestic transportation process of petroleum based fuel production pathways 
(gasoline) have been substituted. 


(4) Fueling to Vehicles 

As the main constituent of LPG for vehicles is butane, as with gasoline the energy consumption for .supply to 
vehicles is considered negligible. Consequently, this study treats this value as zero. 
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2.5.3 Calcuiation results 

Regarding the LPG production pathways, the results of calculations for energy consumption, GHG emissions 
and energy efficiency during production of 1 MJ petroleum products are shown in Table 2.5.1 (energy 
consumption), Table 2,5.2 (GHG emissions) and Table 2.5.3 (energy efficiency). 

Table 2.5.1 WTT energy consumption of LPG production pathways [MJ/MJ] 
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i Flare combustion 


0.009 


0,001 

Overseas transportation 
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0,011 
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- 
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Domestic transportation 
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Fueling to vehicles 
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0.000 
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0.000 
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Table 2.5.2 WTT GHG emissions of LPG production pathways [g eq-CO^/MJ] 
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Table 2.5.3 WTT energy consumption of LPG production pathways (LHV) 
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2.6 Eiectricity (Electric Power Generation Pathways) 

2.6.1 Abstract 

Power generation can be broadly classified into hydroelectric power generation, thermal power generation, 
nuclear power generation, and other power generation methods using natural energy such as solar power, 
wind power, geothermal power and biomass power generation which uses waste wood. From the perspective 
of automotive fuel production, electricity can be used in electric vehicles and in electrolysis for hydrogen 
production. 


(1) Hydroelectric Generation 

This method of generation utilizes the power of failing water (potential energy) to turn generators and produce 
electricity. As this .system can be activated and deactivated at short notice, it can be used to supply power at 
peak power consumption times during the day and to respond to sharp variations in demand. For a nation like 
Japan, relying mainly on imports for energy, hydroelectric power generation, which utilizes the abundant 
water resources, is a valuable purely domestic energy source in which much hope is placed. 


(2) Thermal Power Generation 

This method burns fossil fuels such as petroleum, LNG and coal in boilers to produce high-temperature/ high- 
pressure steam, which is then used to turn turbines and generate electricity. This system provides high output 
power generation and also allows output to be adjusted to demand, performing a central role in present day 
power generation. There are four types of thermal power generation: 

<i> Steam power 

Fuel is burned in boilers to produce high-temperature/high-pressure steam, which is used to turn turbines and 
generate electricity. At present, thermal power generation accounts for an overwhelmingly large proportion of 
power generation capacity and output. 

<ii> Internal combustion power 

Internal combustion engines such as diesel engines are used to generate electricity. This is used in small-scale 
power generation mainly on isolated islands. 


<iii> Gas turbine power 

Combustion gas from fuels such as kerosene and dirael are used to turn turbines and generate electricity. This 
method is used in response to demand at peak times. 


<iv> Combined cycle thermal power 

This is a new power generation method w'ith excellent heat efficiency, which combines gas turbines and steam 
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turbines. This system can easily be activated and deactivated at short notice, and allows instantaneous 
response to sharp variations in demand. 


(3) Nuclear Power Generation 

With nuclear power generation, the heat generated by the nuclear fission of uranium within a nuclear reactor 
is used to produce high-temperature/high-pressure steam, which is used to turn turbines and generate 
electricity. Although there are a number of nuclear reactor types, reactors most commonly in use in Japan are 
light water reactors. 

Light water reactors are the reactor type most commonly in use throughout the world, using moderators 
(substance which retards the speed of neutrons generated through fission to facilitate subsequent fission), 
coolants (fluid used to remove heat generated by fission from reactor core) and light water (normal water). 
There are two types of light water reactor, (!) the Boiling Water Reactor (BWR) and (2) the Pressurized Water 
Reactor (PWR), with both reactor types in equal use in Japan. BWR. is a method in which steam generated 
inside the reactor is sent directly to the turbine. After turning the turbine, the steam is cooled in a condenser, 
reduced to water, and then returned to the reactor. On the other hand, the PWR method sends hot water 
generated in the reactor to a steam generator, where this water converts water running in a separate system to 
steam, which is then used to turn turbines. 

(4) Solar Power Generation 

This is a power generation method that utilizes solar batteries (photoelectric cells), which produce electricity 
when exposed to light. While this energy source is “clean” and inexhaustible, it requires vast surface area to 
generate large amounts of power, is subject to the weather, and cannot be utilized at night. Japan leads the 
world in the implementation of solar power generation, and although there are still many problems to solve, 
the use of solar power as a distributed power source is increasing, 

(5) Wind Power Generation 

This method generates electricity by utilizing wind to turn windmills, which turn generators. Since the Oil 
Crisis of 1973, wind power generation gained prominence throughout the world, especially in the U.S. and 
Canada, as the new energy to replace oil. The low energy density of wind, the high-energy fluctuation, and 
issues concerning durability and reliability due to the severe climate in locations in Japan applicable for wind 
power generation, remain to be solved. 

(6) Geothermal Power Generation 

Geothennal power generation is a method that generates electricity by turning turbines using steam generated 
underground. According to no fuel costs, the high operating rate and a cheap and safe energy source, it has 
already been industrialized. Problems with this method include difficulties in constracting high capacity 
power plants, plant sites limited to volcanic zones, and the high cost and time involved in investigating 
suitable sites. 
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(7) Biomass Power Generation 

Through thermochemical conversion such as direct combustion and gasification, or biochemical conversion 
such as CH 4 fermentation, biomass energy is converted into steam or gas and used to generate electricity. The 
former mainly uses dry biomass such as wood and rice straw, while the latter uses wet biomass such as 
livestock waste, raw garbage and sewage sludge. For the power generation method, steam turbines, gas 
turbines and gas engines are used. 

For direct combustion-steam turbine power generation, biomass is burned directly in a boiler and the resulting 
steam is used to turn a turbine and generate electricity. This method is currently the most common. 
Stoker and fluid bed furnaces are commonly used direct combustion furnaces. Problems with biomass power 
generation using steam turbines include low' generating efficiency. 

Gasification-gas turbine power generation exhibits higher generating efficiency in comparison to steam 
turbine power generation, and with the advantage of requiring smaller initial investment, this method is 
drawing attention as the biomass power generation method of the near future. In addition, since gas turbine 
power generation exhibits high efficiency even on a small scale, it is an effective system for distributed power 
generation, such as biomass power generation. 

CR, fermentation-gas engine power generation generates power through gas engines which use gas obtained 
from the CR fermentation of animal manure, raw garbage, sewage sludge, and so on (generally CR: 60-70%, 
CO 2 : 30-40%). Rather than energy use, the main objectives are related to control of waste proces.sing 
problems such as bad smells and landfill site acquisition, and the inhibition of CR, a greenhouse gas, and in 
general the scale of individual plants is small. When considering energy use as the main objective, problems 
such as lengthy fermentation time are apparent. 

Furthermore, for considerations of energy efficiency during power generation in this study, the effects of 
power conversion are treated as virtually non-existent in relation to hydroelectric, solar, wind and geothermal 
power generation, and efficiency is considered only in tenns of the power generated. Consequently, 
calculations conducted here are for energy consumption, GHG emissions and energy efficiency over the 
lifecycle, from extraction of feedstock to power generation, in relation to all tj'pes of thermal, nuclear and 
biomass power generation. 

Descriptions of the above power generation methods are from The Federation of F.lectric Power Companies 
of Japan website (http://www.fepc.or,jp/hatsuden/index.html) and Saka [2001], 
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2.6.2 Procedures for data coiiection of unit pror^ss 


Power generation pathway flow examined in this study are shown in Figure 2.6.1: 
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Figure 2.6.1 Pathway flow for power generation 


(1) Petroleum Fired Thermal Power Generation 
<i> Existing Study 

lAE [1990] (p.l44) calculates CO; emissions for the power generation stages based on the FY1988 annual 
average values for generating efficiency (38.84%), power distribution efficiency (37.18%) and in-house ratio 
(4.27%). 

CRIEPl [1991] (p. 19-27) calculates the energy' input and energy balance of petroleum fired thermal power 
generation, assuming values for petroleum fired plant capacity (generating end output) at 1,000 MW, 
capability factor 75 %, generating efficiency (generating end) 39 % and in-house ratio 6.1 %. Although the 
later studies implemented by CRIEPl (CRIEPl [1992], [1995]) have some adjustments, they are based on data 
given in CRIEPl [1991]. In addition, CRIEPl [2000] re-estimates GHG emissions over the lifecycle of 
petroleum fired power generation technology using technology and import conditions of power generation 
fuels for 1996 as a point of reference. All studies conducted by CRIEPl consider not only the fuel lifecycle, 
but also construction of power plant and so on. 
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<ii> This Study 

[Overseas transportation (sea)] 

Regarding overseas transportation (sea) of crude for power generation, calculation results given in “2.1 
Petroleum Based Fuel Production Pathways” are used. 

[Domestic transportation] 

Regarding the domestic transportation of heavy fuel oils, calculation results given in “2.1 Petroleum Based 
Fuel Production Pathways” are used. 

[Petroleum fired thermal power generation] 

Petroleum fired thermal power plant energy consumption and GHG emissions (based on sending end) were 
calculated based on year 2000 actual values for fuel consumption, generating end heat efficiency, in-house 
ratio, power generation (sending end, receiving end), distribution loss ratio and distribution loss, given in 
ANRE [2002-3] for petroleum fsred thermal power plants. 

Other than the above, with regaids to the operating process of petroleum fired power plants, CRIEPI [2000] 
(p.26) also calculates consumption of limestone and ammonia required for desulfurization and denitration. 
This study also follows this example. Inventory data for limestone and ammonia production is cited from 
NEDO [1995] (p.l30). This inventory' data was researched and created by National Institute for Resources 
and Environment (current National Institute of Advanced Industrial Science and Technology), a .subordinate 
body of the Agency of Industrial Science and Technology. 

(2) LNG Fired and LNG Combined Cycle Thermal Power Generation 
<i> Existing Study 

lAE [1990] (p.145-146) calculates CO, emissions for the power generation stages based on the FY1988 
annual average values for generating efficiency (LNG: 39.29 %, LNG combined cycle 42.42 %), power 
distribution efficiency (LNG: 37.82 %, LNG combined cycle: 41.38 %) and in-house ratio (LNG: 3.75 %, 
LNG combined cycle: 2.45 %). 

CRIEPI [1991] (p.27-31) calculates the energy input and energy balance of LNG fired thermal power 
generation, assuming values for LNG fired plant capacity (generating end output) at 1 ,000 MW, capability 
factor 75 %, generating efficiency (generating end) 39 % and in-hou.se ratio 3.5 %. Although the later studies 
implemented by CRIEPI (CRIEPI [1992], [1995]) have some adjusmients, they are based on data given in 
CRIEPI [1991]. In addition, CRIEPI [2000] re-estimates GHG emissions over the lifecycle of LNG fired 
power generation technology using tecimology and import conditions of power generation fuels for FY1996 
as a point of reference. All studies conducted by CRIEPI consider not only the fuel lifecycle, but also 
construction of power plant and so on. 


<ii> This Study 

[Overseas transportation (sea)] 
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Regarding overseas transportation (sea) of LNG for power generation, calculation results given in “2.2 
Natural Gas Based Fuel Production Pathways” are used. 

[LNG fired and LNG combined cycle thermal power generation] 

LNG fired and LNG combined cycle thermal power plant energy consumption and GHG emissions (based on 
sending end) were calculated based on FY2000 actual values for fuel consumption, generating end heat 
efficiency, in-house ratio, power generation (sending end, receiving end), distribution loss ratio and 
distribution loss, given in ANRE [2002-3] for LNG fired and LNG combined cycle thermal power plants. 

In addition, as with petroleum fired thermal power generation, regarding the operating process of LNG fired 
and LNG combined cycle thermal power plants, CRIEPI [2000] (p.26) calculates consumption of limestone 
and ammonia required for desulfurization and denitration. This study also follows this example, 

(3) Coal Fired Thermal Power Generation 
<i> Existing Study 

lAE [1990] (p.l47) calculates COi emissions for the power generation stages based on the FY1988 annual 
average values for generating efficiency (39.37 %), power distribution efficiency (36.26 %) and in-house ratio 
(7,96 %), 

CRIEPI [1991] (p.11-19) calculates the energy input and energy balance of coal fired thermal power 
generation, assuming values for coal fired plant capacity (generating end output) at 1,000 MW, capability 
factor 75 %, generating efficiency (generating end) 39 % and in-house ratio 7.4 %. Although the later studie.s 
implemented by CRIEPI (CRIEPI [1992], [1995]) have some adjustments, they are based on data given in 
CRIEPI [1991], In addition, CRIEPI [2000] re-estimates GHG emissions over the lifecycle of coal fired 
power generation technology using technology and import conditions of power generation fuels for 1996 as a 
point of reference. All studies conducted by CRIEPI consider not only the fuel lifecycle, but also construction 
of power plant and so on. 

<ii> This study 

[Coal mining / washing] 

As data obtained through hearing surveys with industry related to the coal mining process, Hondo et al 
[1999] gives figures for fuel input (diesel, gasoline, electricity') per unit weight during coal mining and coal 
washing for open-pit and underground coal mining in Australia, and calculates environmental burden for the 
entire lifecycle of imported coal for power generation consumed in Japan. These values are also used in 
CRIEPI [2000] (p.l9). 

In this study also, energy consumption and GHG emissions were calculated for the extraction process and 
washing process of imported coal based on data given in Hondo et al. [1999], the extraction method at the 
imported coal source and actual import volumes. Furthermore, regarding energy consumption and CO, 
emi.ssion factors during power generation in each country, data reflecting the power generation circumstances 
of each was created and applied. 

Regarding CH, vent, values per country were taken from lEEJ [1999] (p.l3) and the weighted average was 
calculated using import volumes given in ANRE [2002-1], 
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[Overseas transportation (land / sea)] 

Regarding overland transportation of coal at the producing region, both lEEJ [1999] (p.6) and CRIEPl [2000] 
(p.l7) conduct calculations on the assumption that all transportation of coal for export from the producing 
region to the shipping port takes place via rail. In addition, although there are various electrification 
conditions concerning the railways of each country, the use of diesel engines is assumed, and consequently the 
fuel consumed is diesel. Regarding fuel consumption factor, values given in Ministiy' of Transport (MOT) 
Transport Policy Bureau [2000] are used. 

This study also adopted the same calculation methods used in prior studies. The overland transportation 
distances in the producing country were taken from values (one-way) given in lEEJ [1999] (p.l2). Energy 
con.sumption and GHG emissions for the overland transportation of coal in the producing country were 
calculated using the weighted a verage of these values multiplied by fuel consumption factor (0.0126 L/t-km), 
and import volumes given in ANRE [2002-1], 

Regarding the overseas transportation (sea) of coal, energy consumption and GHG emissions for the overseas 
transportation of coal was calculated using values taken from NEDO [1996] (p. 105-106) for average vessel 
size for transportation (50,000 1 deadweight tonnage), speed (15 knots) and fuel consumption (60 kg-C-heavy 
fuel oil/kra), and import volume and distance from port of shipment to .Tapan. In addition, regarding loading 
and unloading (energy consumption through handling), values given in lAE [1990] (p.I38) were used. 
Although the values given here are for electricity consumption (0.95 kWh/t) per t coal at Tomakomai Port, 
Hokkaido, since there is generally little difference in energy consumption through handling for either loading 
or unloading (lAE [1990]), this study substitutes values for energy consumption per t coal at Tomakomai Port 
for energy consumption at the port of shipment for each country. 

[Coal fired thermal power generation] 

Coal fired thennal power plant energy consumption and GHG emissions (based on sending end) were 
calculated based on year 2000 actual values for fuel consumption, generating end heat efficiency, in-house 
ratio, power generation (sending end, receiving end), distribution loss ratio and distribution loss, given in 
ANRE [2002-3] for coal fired thennal power plants. 

As with other fonns of thermal power generation, regarding the operating process of coal fired thermal power 
plants, CRIEPl [2000] (p.26) calculates consumption of limestone and ammonia required for desulfurization 
and denitration. This study also follows this example. 

[Coal ash landfilling] 

CRIEPl [2000] (p.27) calculates energy consumption required for coal ash landfilling from data obtained 
through hearing surveys with related industry. This study also follows this example. 

(4) Nuclear Power Generation 
<i> Existing Study 

CRIEPl [1991] (p.3 1-36) conducts calculations for PWR light water reactors assuming plant capacity at 1,000 
MW, capability factor 75 %, and in-house ratio 3.4 %. Furthermore, regarding data from each process, from 
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uranium extraction to enrichment, shaping and transportation, as no publicly disclosed data was available in 
Japan, U.S. data (Asad T. Amr [1981]) has been used for reference. 

CRIEPI [2000] (p. 27-32) conducts calculations for the nuclear fuel production process using Institute for 
Policy Sciences (IPS) [1977], and calculations for the power generation process (plant operation), energy 
consumption per unit power generation, based on average valu^ of eight power plants obtained through 
hearing surveys condticted with electricity companies. However, as some data could not be obtained in 
relation to uranium enrichment for nuclear powCT generation, analysis has been conducted under the 
assumption that all enrichment will be conducted in the U.S. using the gas diffusion method. In addition, 
power generation systems, which reprocess spent fuel and use the resultant MOX fuel, have not been 
considered. 

Consequently, CRIEPI [2001], released the following year, uses data that more accurately reflects actual 
status concerning uranium enrichment, and provides analyses of CO 2 emissions over the nuclear power 
generation lifecycle that reflects actual status in Japan. Furthermore, analysis is also provided concerning the 
possible effects the nuclear fuel cycle currently being planned in Japan may have on COt emissions over the 
entire lifecycle. 

Furthermore, all the above CRIEPI studies consider not only the fuel lifecycle, but also construction of power 
plant and so on. 

<ii> This Study 

In principle, this study used CRIEPI [2001] for reference. However, in order to be coasistent with other fuel 
production pathways, power plant construction and so on, was excluded from evaluation. In addition, only the 
basic BWR and PWR systems were considered, and recycling systems that use MOX fuel produced from 
reprocessed spent nuclear fuel are also excluded from evaluation. 

[Mining / Refining] 

Annual energy consumption and data per kWh were calculated based on data for nuclear fuel requirements 
and energy consumption for the production of I t-U yellow cake. Uranium ore mining is assumed to be at 
5,000 t-ore per day through open-pit mining. In relation to refining, considerations are for facilities with an 
annual yellow cake production capacity of 1,350 t-U and a serviceable life of thirty years. The data is from 
IPS [1977]. 

[Conversion (Fluorination)] 

Annua! energy consumption and data per kWh were calculated based on data for resource requirements and 
energy consumption for the production of 1 t-U UFj. Considerations are for facilities with an annual UFj 
production capacity of 5,000 t-U and a serviceable life of thirty years. The data is from IPS [1977]. 

[Enrichment] 

Enrichment methods taken into consideration are the gas diffusion method (overseas) and the centrifugal 
separation method (domestic and overseas). 
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Gas diffusion facilities (overseas) with a production capacity of 8,750 t-SWU''/year and serviceable life of 30 
years, centrifugal separation facilities (domestic) with a production capacity of 600 t-SWU/year and 
serviceable life of 40 years, and centrifugal separation facilities (overseas) with a production capacity of 1,000 
t-SWU/year and serviceable life of 30 years, are considered. According to CRIEPI [2001], basic data for gas 
diffusion (overseas) and centrifugal separation (overseas) is from IPS [1977], while basic data for centrifugal 
separation (domestic) is taken from internal papers of the Tokyo Electric Power Company (TEPCO) 
Energy/Enviromnent Technology Research Institute. 

Annual consumption and data per kWh were calculated based on data for resource requirements and energy 
consumption to produce 1 t-U of enriched UFj. 

[Re-conversion / Fabrication] 

Annual consumption and data per kWh were calculated based on data for resource requirements and energy 
comsuraption to produce 1 t-U of fuel assembly. Considerations are for facilities with an annual production 
capacity of 900 t-U and a serviceable life of 30 years. The data is generally cited from IPS [1977]. 

[Domestic transportation (sea)] 

Although CRIEPI [2000] calculates data for each transportation process, this study cites aggregate data given 
in CRIEPI [2001]. 

[Power generation] 

Nuclear fuel requirements for 1 year were estimated using the following formula (CRIEPI [2000] (p.28)). 
[Nuclear Fuel Consumption] 

= (Generating Capacity] * 365 ♦ [Capability factor] / ([Combustion degree] * [Heat Efficiency]) 

Energy consumption and GHG emissions were calculated from fuel consumption for supplementary boilers 
used for power plant heating and so on. These are average values of eight power plants obtained through 
hearing surveys conducted with electricity companies. 

[Storage of spent fuel assembly] 

Data per kWh was calculated based on energy consumption data for the storage of one BWR spent fuel 
assembly for one yeai'. Here, data given in CRIEPI [2001] for naturally ventilated facilities with dry cask 
storage capacity of 860 assemblies of 8 ♦ 8 fuel is cited as given, with calculations conducted for a 50-year- 
storage term. Data for the interim storage of spent fuel was sourced from TEPCO Energy/Environment 
Technology Research Institute internal papers. 

On the other hand, regarding PWR, CRIEPI [2001] cites BWR data, as data for the long-tenn interim storage 
of spent ?WR fuel was not available. Consequently, thi.s study has also adopted this method. 


* Separative Work Unit 
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(5) Biomass Power Generation (Direct combustion-steam turbine power generation) 

<i> Existing Study 

Although biomass comes in a variety of forms such as raw garbage and woody biomass, power generation 
through incineration has long since been implemented for municipal waste containing raw garbage. Hokkaido 
University Graduate School of Engineering [1998] conducts a life cycle analysis of municipal waste 
incineration power plants. Regarding woody biomass studied in this study, Ohki et ah [2002] provides data 
concerning w'oodchip fired boiler power generation currently implemented or planned in Japan. 

<ii> This Study 

Calculations in this study are based on Ohki et al. [2002]. As biomass power plants normally operate using 
part of the power generated from biomass for in-house power, all plant operating energy is derived from 
biomass, and therefore COj emissions derived from fossil fuels can be treated as zero. However, as the plant 
consumes chemicals for exhaust gas treatment, calculations include energy required for the production of 
these chemicals. 


(6) Biomass Power Generation (Gasification-gas turbine power generation) 

<i> Existing Study 

The power generation system considered here is the IGCC system (combination of gas turbine power 
generation and boiler power generation from exhaust heat), which generates electricity using syngas obtained 
through the gasification of biomass. Regarding municipal waste including raw garbage, although many 
domestic furnace makers have developed gasification melting power generation systems, since the majority of 
these involve normal boiler power generation without gas turbines, they are not included in the gasification 
power generation of prior studies mentioned here. Mann, M.K., et al, [1997] uses a simulation to provide a 
life cycle analysis of woody biomass (hybrid poplar) gasification power generation. Details of actual 
gasification power plants are given in Krister StJhl, et al. [2000], This report provides general data (e.g. 
generating efficiency) for a gasification power plant using woody biomass currently in operation in Vamamo, 
Sweden. 


<ii> This Study 

Calculations in this study are based on Mann, M.K., et al. [1997] (p.21), which contains all the necessaiy data. 
Although the majority of energy consumed can be attributed to power for operation, as all this power is 
generated in-house through biomass, COj emissions derived from fossil fuels can be treated as zero. In 
addition, as exhaust gas treatment only involves dust in the exhaust gas, the use of chemicals is not considered. 
Krister StShl, et al. [2000] gives a figure of 32 % for generating efficiency (net), which is generally in the 
same range as Mann, M.K, et al. [1997], 
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(7) Biomass Power Generation (CH4 fermentation-gas engine power generation) 

<i> Existing Study 

Operational data for actual gas engine power plants using digestion gas obtained through CH 4 fermentation 
(gas containing CK, gas) are given in Ogawa et al. [2003]. The plant generates 3,200 kWh/day through the 
CE( fermentation of livestock manure, bean curd lees and sewage sludge from in-house wastewater 
processing facilities. 

Facilities which compost dehydrated cake remaining after CH, fermentation are also included. 


<ii> This Study 

Calculations in this study are based on Ogawa et al. [2003], which provides detailed data on actual operations. 
Power consumed by facilities which compost dehydrated cake remaining after CR, fennentation is calculated 
as beyond the sphere of the system. As previously mentioned, the main raw biomass is livestock manure and 
bean curd lees, which differs from dry biomass such as wood, in that the water content is extremely high. 
Consequently, the in-house wastewater treatment load is high, and although the gas engine generating 
efficiency is comparatively high at 29 %, the overall generating efiiciency of the plant (net) is low. 

(8) Distribution Loss 

Distribution loss occurring during distribution from large-scale intensive power plants, such as all thermal and 
nuclear power plants, to consumers, is calculated based on values for power generation at sending end and 
receiving end, given in ANRE [2002-1], 

Furthennore, the .same value for distribution loss has been applied to petroleum fired, LNG fired and LNG 
combined cycle, coal fired and nuclear power generation. 
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2.6.3 Calculation results 

Regarding electricity (power generation pathway), calculation re.sults for energy consumption, GHG 
emissions and energy efficiency during IMJ power generation are shown in Table 2.6.1 (energy consumption), 
Table 2.6.2 (GHG emissions) and Table 2.6.3 (energy efficiency). 


Table 2.6,1 WTT energy consumption of power generation pathways [MJ/MJ] 
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Table 2.6.2 WTT GHG emissions of power generation pathways [g eq-COj/MJ] 
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Table 2,6.3 WTT energy efficiency of power generation pathways (LHV) 
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2.7 Hydrogen Production Pathways 
2.7.1 Abstract 

Hydrogen is a nonmetallic element, atomic number 1, represented by the atomic symbol “H”. It is the lightest 
and most common element in the universe and exists proiusely in water, organic compounds and life forms. 
Hydrogen is colorless, odorless and highly combustible. Lately, from the global environment perspective, 
hydrogen energy', which produces only water on combustion, is drawing attention. 

Various supply and production methods have been proposed concerning the supply of hydrogen as an 
automotive fuel for FCVs. 


(1) Hydrogen Production by Stream Reforming 

Steam reforming is a method in which steam is added to a hydrocarbon feedstock to promote a reforming 
reaction and produce a syngas containing hydrogen. 

Promising feedstock for steam refonning include methanol, city gas (natural gas), LNG, LPG, desulfurized 
gasoline and so on, and a field test of a refueling station for hydrogen from reformed natural gas has been 
conducted (NEDO [2001-2]). 


(2) Byproduct Hydrogen 

Byproduct hydrogen refers to hydrogen that is obtained as a byproduct of another process. Byproduct 
hydrogen can be broadly classified into three categories: 

■ Hydrogen from salt electrolysis; Hydrogen that is produced during the electrolysis of industrial salt to 
produce caustic soda. Hydrogen refueling stations providing salt electrolysis hydrogen are already in 
operation 

■ Hydrogen from coke oven gas refining: Hydrogen contained in coke oven gas produced during the 
carbonization of coal to produce coke for the iron and steel industry 

• Hydrogen from petroleum industry: Hydrogen produced for the hydrogenation process through the 
steam reforming, partial oxidization and so on, of naphtha (although not strictly a byproduct, surplus 
production can occur and is therefore classified as byproduct hydrogen) 

Figure 2.7.1. shows the domestic production capability and supply capacity of each byproduct hydrogen 
category. 


I Domestic hydrogen (xoduction abilily 
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Figure 2.7.1 Domestic production capability and supply availability of byproduct hydrogen 


Domestic hydrogen supply ability ; 

Q2 7l10*N"'3'vpad 'NEDO '?"01-11) 

*rom salt alectiDlysis ' 4 (K N u .t,’ 

’ V iliit laken sold hydix«gt.n f- e livdii e rn 
p 'ducuonLdJcubledtmDirb in. cud i [ d) ^1 1 1 

from coke oven gas reining 53 2 (1 CriNm'‘/y(«r; 
* utpy fnuvertste is consider J as supoh abflsv 

f om petfolsum Indusliy >7 1 [ 1 n''Nrr-'/ycar' 
' livdrogen Ininisuiplus piccu.iunuitambties 


- 77 - 



150 


(3) Hydrogen Production by Water Electrolysis 

Water electrolysis is a method of producing hydrogen through the electrolysis of water. The electrolysis 
efficiency of the solid polymer electrolyte membrane, also used in tliei ceils, is drawing attention, and a field 
test for a solid polymer electrolyte membrane electrolysis-hydrogen refueling station has been conducted 
(NEDO [2001-1]). In addition, through the development of a reversible ceil, namely an electrolysis cel! that 
can function as a fuel cell, an attempt has been made, by the solid polymer electrolyte membrane electrolysis- 
hydrogen refueling station, to generate the additional value of power load equalization through hydrogen 
production using surplus power (lAE [2002]). 

Other methods include the thermolysis (IS Proems) process, currently being researched by the Japan Atomic 
Enei-gy Research Institute (JAERI) from the perspective of utilizing heat supplied from high temperature gas 
reactors. 


Properties of hydrogen 

The properties of hydrogen applied in this study are as follows. 


Chemical sviHbol 

H 

(Explosive conimstion) 


Atomic weight 

i i .007'34 - 

Explosive limit (air mixture. 20‘C, latm) 

4~75 % 

Molecular weight 

1 2,0158 - 

Sponraneous ignition temperature (air mixture. latm) 

570 X 

Density at norma! condition 

: 0,08989 kg.m^ 

Explosive limit (oxygro mixture. 20tr, latm) 

4—94 % 

fTriple point] 


Spontaneous ignition temperature (oxygen mixture, 20X'. latm) 

560 r 

T 

i 13.803 K 

Minimum ignition energy 

0,02 mJ 


; -259.347 X: 

Quenching distance (atmospheric, latm. normal temperature) 

0.06 cm 

Pressure 

! 0.0704 bar 

Theoretic air/fuel weight ratio 

34.3 - 

Solid sUituration density 

86.48 kg/W 

Diffusion coefficient (atmospheric. OX), latm) 

0,611 in’/a 

Liquid staturation density 

77.015 kB/m’ 

Higher heating value {OT. latm) 

12,790 kJ/iif 

Gas staturation deasity 

1 0,1256 kg/m^ 

Lower heating value (OXT. latm) 

10.780 kJ/m’ 

Latent heat of ftision 

5.8.2 W/kg 

Standard enthalpy of formation 123'Ci Iktra) . 


Latent heat of evaporation 

449 Id/kg 

HiO (gaseous) 

-241.82 kJ/mol 

IBoilmg petim st abnospheric imssarel 

H 

217.97 kJ/mol 

Temperature 

20,268 K 

H: 

0 kJ/tnol 

; -252.882 X- 

Oj 

0 kJ/mol 

I..atent heat of evaporaion 

446 kJ/kg 

StandaniGibbseiierRyoffonsatfon <2SX)fl8to}: 


Liquid saturation density 

70,779 kg/m’ 

HjO (gaseous) 

-228.59 kJ/mol 

Gas saturation density 

1.3378 kg/nf' 

H 

203.26 kJ/mol 

fCriikal poim] 



0 kJ/mol 

Temperature 

32.976 K 

O’ 

0 kJ/mol 

-240.174 T. 

Standard entropy of formadon (25'X', latm) 


Pressure 

12.928 bar 

HjO (fascous) 

188,72 J/mol/K 

Density 

3 1 .426 kg/m’ 

H 

114,6 J/mol/K 

[Stabk isotope (natural content)} 


H: 

130.57 J/mol/K 

M (protium) 

99,9885 % 

O’ 

205.03 J/rool/K 

D (deuterium) 

0.0115 % 


[Source] http:/7www.enaa.or.jp/WE-NET/phs/butsu.html 
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Figure 2.7.3 Pathway flow for off-site hydrogen production 


The data calculation for the proces.se.s that compose these pathways are organized into (1) hydrogen 
production, (<i> steam reforming ((A) city gas reforming, (B) naphtha reforming, (C) methanol reforming, 
(D) gasoline reforming, (E) LPG reforming, (F) DME reforming, (G) reforming of kero.sene and FT synthetic 
oil), <ii> coke oven gas (COG) refining, <m> salt electrolysis, <iv> water electrolysis ((A) solid polymer 
electrolysis, (B) pure water electrolysis, (C) alkali water electrolysis, (D) packaged water electrolysis, (E) 
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reversible cell pure water electrolysis), <v> CH, feniientation) + compression for storage & fueling/ 
compression or liquefaction for distribution, (2) tninsportation (compressed hydrogen transportation, liquefied 
hydrogen transportation), (3) storage & fueling. 

Furthermore, regarding the “heating value of hydrogen supplied to a vehicle” required for energ)' efficiency 
calculations, in this study the FCV fuel tank is taken as the point of transfer of hydrogen, and for compressed 
hydrogen, the pressure energy required to compress hydrogen to 35 MPa or 40 MPa at 25 degrees C is added 
to the heating value of hydrogen at standard atmospheric pressure, as shown below: 

^ press ~ 

Where, R : gas constant (8.3151 [Jmol 'K'’]) 

'■ temperature of hydrogen (298.15 [K]) 

Pjj, : standard atmospheric pressure (101.325 [kPa]) 

Pj : pressure of gaseous hydrogen (35,000 [kPa]) 

In addition, as for liquefied hydrogen, as information related to the specific heat for hydrogen at 20 K (gas) 
could not be obtained, for energy efficiency calculations, the heating value of hydrogen at standard 
atmospheric pressure was ahso applied to liquefied hydrogen. 


Table 2.7.1 Heating values of compressed hydrogen used in this study 



HHV 

LHV 

Atmospheric 

MJ/kg 

142.3 

tl9.9 

pressure (2513) 


12.79 

10.78 

20 MPa (25°C) 

MJ/kg 

148.8 

126.4 

MJ/Nm- 

13.37 

11.36 

35 MPa (25°C) 

MJ/kg 

149.5 

127.1 

MJ/Nm’ 

13.44 

11.43 

40MPa(25°C) 

MJ/kg 

149.6 

127.3 

MJ/Nm’ 

13.45 

11.44 


For energy consumption and GHG emissions calculations for each process from hydrogen production to 
supply to vehicle, conversion to energy consumption [MJ] at the point where electricity as energy input is 
consumed is calculated as 1 kWh = 3.6 MJ and COj emissions are treated as zero, with increases in these 
values given separately depending on the electricity source (e.g. thermal, nuclear, biomass). This is because 
these values differ according to the electricity source (e.g. thermal, nuclear, biomass). 
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(1) Hydrogen Production + Compression for Storage & Fueling / Compression or 
Liquefaction for Distribution 

<i> Steam Reforming 

In many cases, hydrogen production through hydrocarbon reforming consists of the following two processes: 


Reforming 

process 

• A process to generate hydrogen by means of reforaiing reactions such as steam 
reforming and partial oxidation. 

• This terrr) will comprdiend not only reforming reaction itself but also accompanying 
reactions such as an aqueous i^ction In which byproduct CO generated by refonning 
reaction is further reformed to hydrogen. (This definition applies to this study.) 

Refining 

process 

• A process to purify hydrogen from hydrogen-contained gas obtained from reforming 
pnx^ess, 

• Methods to be used for refining process include membrane separation, cry'ogenic 
separation, pressure swing absorption (PSA), and so on. 


The source of CO, emissions generated through hydrocarbon reforming is as follow's: 


■ CO 2 derived from fuel (fossil fuel, electricity) 

■ CO 2 derived from feedstock (hydrocarbons) 

CO 2 derived from feedstock refers to the carbon content discharged as CO 2 from the hydrocarbon used as 
hydrogen feedstock. In this study, calculations for CO, emissions from feedstock also use the CO 2 emission 
factors during combustion given in Table 1.3. This is because theoretically, all carbon content in the 
hydrocarbon is converted to CO 2 regardless of the applied reforming process, and the resulting CO 2 is 
considered to be equivalent to CO 2 emis,sions attributed to the complete combustion of the hydrocarbon. 
An example is given below. 

- Steam reforming: 

[reforming reaction] C„H„ + nHiO -> nCO + (n+m/2)H2 
[aqueous reaction] nCO + nH20 nH, + nCO, 

From hydrocarbon C„H„ 1 mol, n mol CO 2 is generated. Although there are cases where, after the reformiirg 
reaction, part of the gas containing hydrogen (nCO+ (n+m/2) H,) is not directed to the water reaction and is 
used as fuel for the reforming reaction, in this case also, all CO is converted to CO 2 and overall CO 2 
generation is n mol from C„H„ 1 mol. 

- Partial oxidation: 

[partial oxidation] C„H„ + nO, — > nCO, + m/2 H, 


(A) City gas reforming 

Prior studies related to hydrogen production through city gas reforming include the “Hydrogen Utilization - 
International Clean Energy Systems Technology (WE-KET)” conducted by NEDO. Calculations in this study 
are also based on WE-NET. 

Two sets of data are calculated here, current status data based on specifications provided in the feasibility 
study for a 100 Nm’/h, 300 Nm^/h, 500 Nm^/h class hydrogen station, NEDO [2002-1] (p.l7), and updated 
data in which improvements in reforming efficiency (70%-^ 80%) shown in NEDO [2003-1] (p. 64-65) are 
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reflected in the current status data. 

Regarding the allocation of power consumption other than for refomimg/refming, values given in NEDO 
[2003-1] for a 300 Nm’/h case have been used. 

City gas input into the process has two different roles, one as the feedstock for hydrogen and the other as the 
heat source for the refoiming reaction, and the ratio between these two roles is reported to be Feedstock: Fuel 
= 4.2: 0.2 (labata [2002]). However, as variations in this ratio may occur due to the size of refonner, and as 
the values calculated in this study for energy consumption, GHG emissions and energy efficiency do not vary, 
the total city gas input is treated as feedstock in this study. 

Moreover, the properties of the hydrogen produced are 0,8 MPa, purity above 99.99 %, and for impurities, 
le.ss than 10 ppm CO and less than 100 ppm CO, (NEDO [2002-1], [2002-2]). 


(B) Naphtha reforming 

Although much reference data is available for hydrogen production through naphtha reforming, as this 
method was established in the refinery and petrochemical industries long before hydrogen production for 
FCVs, the availability of reliable data is limited. Of these, this study selected the highly reliable studies of 
Nakajima et al. [1993], PF.C [2003], NEDO [1995] and Japan Hydrogen & Fuel Cel! Demonstration Project 
(.IHFC) [2004] for reference. 


B-1) Nakajima, etai [1993] 

There is a hydrogen production process using naphtha steam refomiing known as the Topsoe method, 
developed by Denmark’s Haldor Topsoe A/S. The company that the authors of this report belong to, the 
Chiyoda Corporation, had already established 20 facilities using this method in Japan and 5 facilities abroad 
by 1 99 1 . At the time, there were 1 36 such facilities worldwide. 

B-2) PEC [2003] 

This refers to a case where the PSA process was added on to the petrochemical industry's 1 million NmVday 
class hydrogen production device. 

Preconditions for inventory data calculation are taken from feed.stock and utilities data for the hydrogen 
production device given in PEC [2003]. 

B-3)NEDO [1995] 

While the process in Nakajima et al. [1993] and PEC [2003] obtains hydrogen through PSA refining after 
naphtha steam reforming, the process in NEDO [1995] obtains hydrogen through the partial oxidization of 
naphtha and aqueous reaction. Although the data in NEDO [1995] pertains to the hydrogen production 
process in oil refineries and petrochemical plants, there is also a statement saying “this data was created 
through surveys as publications regarding the production of hydrogen could not be obtained”, and it is unclear 
whether the given values are from hearing .surveys or from calculations based on assumptions. 


B-4) JHFC [2004] 
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JlffC [2004] (p. 35-36) provides field test results for the Yokohama-Asahi Hydrogen Station. Calculation.s 
here are based on data for 50 Nm Vh capacity reformers during rated operation. 


(Feedstock) 
Naphtha 0 333 kg 


(Supply) 

Electricity 0.013 kWh 


RroduoUon 


Ha 1 m-’ 


► Steam 0.68 ka 


(Emissions) 
COz 0,700 kg 


NOx 0.00017 kg 


waste water 0.03 kg 


Figure 2.7.4 Hydrogen production process by NEDO [1995] 


(C) Methanol reforming 

Regarding hydrogen production through methanol reforming, NEDO [2001-3] provides diagrams and process 
specifications in relation to the high-purity hydrogen production method, with an established commercial 
performance record, owned by the Mitsubishi Gas Chemical Company, Inc. (MGC). In addition, JHFC [2004] 
provides field test results for the Kawasaki Hydrogen Station. This study focuses on these two cases. 

C-1) NEDO [2001-3] 

The MGC has an established commercial performance record for the on-site generation of high-purity 
hydrogen from methanol, using a combination of steam reforming and PSA, 

Methanol steam reforming is conducted in a cracking reactor at an ambient temperature of 240-290 degrees C 
in the presence of a copper based catalyst. Steam is removed from the resulting hydrogen compound ga.s using 
coolers and steam-water separators, and the gas is refined into high-purity hydrogen ga,s through PSA 
separation/refming apparatus. 

Pre-conditions for inventory data calculation are taken from high-purity hydrogen production process 
specifications given in NEDO [2001-3] (p. 11-32). 


C-2) JHFC [2004] 

JHFC [2004] (p. 37-38) provides field test results for the Kaw'asaki Hydrogen Station. Calculation.s here are 
based on data for 50 Nm% capacity reformers during rated operation. 


(D) Gasoline reforming 

Regarding hydrogen production through gasoline reforming, JHFC [2004] (p.34-35) provides field test results 
for desulfurized gasoline at the Yokohama-Daikoku Hydrogen Station. Calculations here are based on data for 
30 Nm’/h capacity reformers during rated operation 
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(E) LPG reforming 

Regarding hydrogen production through LPG reforming, NEDO [2001-3] provides examples of trial 
calculations made by applying the naphtha reforming model of Nakajima et al. [1993] to LPG In addition, 
JHFC [2004] provides field test results for the Senju Hydrogen Station, Tokyo. This study focuses on these 
two cases. 

E-1) NEDO [2001-3] 

NEDO [2001-3] (p.II-31) conducts trial calculations for energy balance (desk study) when the naphtha 
reforming model ofNakajima et al. [1993] is applied to LPG. 

E-2) JHFC [2004] 

JHFC [2004] (p.36-37) provides field test results for the Senju Hydrogen Station. Calculations here are based 
on data for 50 NmVh capacity refonners during rated operation, 

(F) DME reforming 

The hydrogen production system through DME reforming given in NEDO [2001-3] (p. II -33) is 
fundamentally the same as the methanol fueled system, and assumes a sleam reforming reaction taking place 
in the presence of a catalyst at temperature.s between 250-450 degrees C. 

NEDO [2001-3] estimates DME refonning efficiency based on these assumptions. Specifically, based on 
reference materials related to the methanol refonning hydrogen production device of MGC mentioned in C-1) 
of this study, the material balance for the DME steam reforming reaction is estimated, and reforming 
efficiency is also assessed through trial calculations per unit utility. Heie, DME reactivity (excluding 
temperature) and PSA hydrogen separation efficiency is considered equivalent to a methanol plant. 


(G) Kerosene / FT synthetic oil reforming 

Data related to hydrogen production through the reforming of kerosene and FT synthetic oil could not be 
obtained for this study. Consequently, using data related to hydrogen production through the reforming of 
naphtha and desulfurized gasoline, given in JHFC [2004] for reference, resources required for the production 
of 1 kg hydrogen were assumed to be 4.8 kg kerosene or FT synthetic oil, and 7 kWh electricity. 


<ii> Hydrogen Production through COG Refining 

Other than hydrogen, rest gas (fuel gas that does not contain hydrogen) is produced during the separation and 
refining process. Hydrogen can also be recovered from byproduct gases .such as coke oven gas (COG), blast 
furnace gas (BFG) and Linz-Donawitz converter gas (LDG), produced in new iron and steel manufacturing 
processes. Of these, COG has the highest hydrogen ratio. 

COG contains more than 50 % hydrogen, and high purity hydrogen can be recovered with ease following the 
removal of impurities and PSA refining. Regarding hydrogen production through COG refining, this study 
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calculates energy consumption and GHG emissions based on data given in NEDO [2002-1]. Although data 
related to hydrogen production through COG refining is also given in PEC [2003], the source for this data is 
NEDO [2002-1], and the two are basically the same. Furthermore, this study does not take energy- 
consumption and GHG emissions during the production of the COG feedstock into consideration. 

In the process of hydrogen production through COG refining, other than hydrogen, REST gas (fuel gas that 
does not contain hydrogen) is produced during the PSA separation and refining of hydrogen contained in the 
COG Although NEDO [2002-1] (p.lO) provides specifications for five cases of average hydrogen production 
capacity (556 Nm-’/h, 1,669 Nm'Vh, 5,562 Nm’.Ti, 16,685 Nm6'h, 55,617 NmVh), as the feedstock / utility- 
consumption for 16,685 Nm’/h and 55,617 NmMi is equal to that of 5,562 NmVh, these have been omitted 
from this study. 


<iii> Hydrogen Derived from Caustic Soda Production through Salt Electrolysis 

One method of hydrogen supply involves the utilization of byproduct hydrogen derived from caustic soda 
production through salt elaitrolysis. As the main objective of this process is the production of caustic soda, 
the environmental burden generated here is considered non-attributable to hydrogen. However, in cases where 
this hydrogen is already utilized as a heal source, as extra energy will be required to supplement this usage, 
usage of byproduct hydrogen can be misjudged unless some manner of environmental burden is considered 
for byproduct hydrogen. 

Regarding the salt electrolysis process, data given in Plastic Waste Management Institute (PWMI) [1993] is 
frequently cited. By using the product (NaOH, chlorine, hydrogen) weight composition ratio to distribute 
burden data given in PWMI [1993], it is possible to apportion environmental burden to byproduct hydrogen 
from salt electrolysis, however, for this study, processes related to byproduct hydrogen production through 
salt electrolysis are treated as beyond the sphere of the system. 


<iv> Hydrogen Production through Water Electrolysis 

Although hydrogen production through water electrolysis is an important industrial hydrogen production 
method, this method has not gained much attention in Japan, as the production of hydrogen directly from 
carbonaceous fuel re.sources is cheaper in comparison. However, with the WE-NET concept of hydrogen 
production through water electrolysis using cheap overseas hydroelectric pow'er, this technology has been 
reviewed, and technological development in this field is progressing. 

In this study, energy consumption and GHG emissions calculations regarding hydrogen production through 
water electrolysis are based on specifications for the solid pDljaner electrolysis hydrogen production device 
currently marketed by Hitachi Zosen Corporation (HITZ), and data given in NEDO [2003-1] and lAE other 
[ 2002 ]. 

(A) On-site water electrolysis hydrogen production device (Hitachi Zosen Corporation) 

The on-site water electrolysis hydrogen production device of the I-IITZ is a highly efficient system using a 
solid polymer water electrolysis ceil, which achieves on-site hydrogen production w-ithout using any alkalis or 
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other chemical solutions. There are three levels of hydrogen production capability (0,5 Nm’/h, 1 ,0 Nm’/h, 3.0 
NinVh) and each is currently marketed. Data calculations are based on the specifications for these water 
electrolysis hydrogen production devices. 


(B) Pure water electrolysis hydrogen production device (NEDO [2003-1]) 

Energy consumption and GHG emissions for hydrogen production through pure water electrolysi,s are 
calculated from data given in NEDO [2003-1]. Although facility scale is from !00-,500 Nm’/h, power and 
utility consumption per unit is fixed. 


(C) Alkali water electrolysis hydrogen production device (NEDO [2003-1]) 

Energy consumption and GHG emissions for hydrogen production through alkali water electrolysis are 
calculated from data given in NEDO [2003-1], 


(D) Packaged water electrolysis hydrogen production device (NEDO [2003-1]) 

Energy consumption and GHG emissions for hydrogen production using packaged pure water electrolysis and 
packaged alkali water electrolysis devices are calculated from data given in NEDO [2003-1], 

(E) Hydrogen production using reversible cell device (lAE [2002]) 

lAE other [2002] introduces a pure water electrolysis device, which uses reversible cells (reversible cell stack 
capable of water electrolysis and fuel cell operation) as a power load equalization system for installation into 
buildings. Calculations for energy consumption and GHG emissions for hydrogen production using this 
reversible cell were conducted using specification data (calculations basal on assumptions) for hydrogen/air 
systems provided in lAE other [2002] for reference. 

From the above, 4.3-6.2 kWh was derived for energy consumption during the production of 1 Nm’ hydrogen. 
In general, energy consumption for 1 Nin’ hydrogen through water electrolysis is said to be 4,5-6.2 kWh 
(Ishiguro [1981]), 4. 8-5.3 kWh (Electrochemical Society of Japan (ECSJ) [2000]), and the value indicated in 
(E) (4.3 kWh) (based on assumption) is an estimated value for ideal conditions. In addition, (A) (5.5-6.0 
kWh) is for an actual device, and is considered an appropriate value taking into account the comparatively 
small .size of the device. 


<v> Hydrogen Production through CH^ Fermentation 

In this study, hydrogen production through CH, fermentation is treated as equivalent to hydrogen production 
through city gas reforming (.see “<i> (A) City gas reforming”). 


<vi> Compression for Storage & Fueling/ Compression or Liquefaction for Distribution 
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For hydrogen transportation or supply to FCVs, it is necessary to increase energy density through 
compression or liquefaction. Here, process data is calculated in relation to compression or liquefaction for 
transportation puiposes when hydrogen is produced ofF-site. 


(A) Compression for distribution (0.8 MPa 19.6 MPa) 

Calculations are based on data given in NEDO [2002-1] (p.U) for a 556-55,617 Nm% class off-site 
hydrogen station. Furthermore, this data is for the transportation proce.ss of pure hydrogen, obtained from 
CCXj refining, for delivery to an off-site hydrogen re&eling station as compressed hydrogen. 

Regarding the pressure of compressed hydrogen, this study uses the value, 19.6 MPa, given in NEDO [2003- 
l](p.56). 

(B) Liquefaction for distribution (0.8 MPa -> 0.0708 kg/L) 

Calculations are based on data given in NEDO [2002-1] (p.l2) for a 556-55,617 Nm’/h class off-site 
hydrogen station. Furthennore, this data is for the transportation process of pure hydrogen, obtained from 
COG refining, for delivery to an off-site hydrogen refueling station as liquefied hydrogen. 


(2) Transportation (Compressed / Liquefied) 

<i> Transportation of Compressed Hydrogen 

NEDO [2003-1] (p.56) state.s, “transportation of compressed hydrogen from an off-site hydrogen production 
plant to a station will be in hydrogen trailers carrying multiple long copper containers, towed by a tractor”, 
According to the same document, for a trailer carrying 22 * 715 L containers, the disposable load is 2,460 
NmVvehicle. This study also uses this data. The tractor fuel consumption value of 3km/L-diesel, given in 
NEDO [2000] (p.45), was adopted. 

In addition, assuming transportation to prefectures in the Kanto area, shipping distance was set at a round trip 
value of 100 km, 

<ii> Transportation of Liquefied Hydrogen 

Calculations for energy consumption and GHG emissions during transportation of liquefied hydrogen are 
based on the liquefied hydrogen load value, 14,561 NmVvehicle (lorry), given in NEDO [2002-1] (p.l5) and 
the fuel consumption value, 2.2km/L-diese! (lorry), given in JHFC [2004] (p.90). 

In addition, as-suming transportation to prefectures in the Kanto area, shipping distance was set at a round trip 
value of 100 km. 


(3) Storage & Fueling 

<i> High Pressure Fueling of Compressed Hydrogen (19.6 MPa) 

NEDO [2002-1] (p.l6) provides data related to three examples of off-site hydrogen station, 100 NmVh, 300 
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Nra'/h, 500 Nm’/h (high-pressure storage & high-pressure fueling, average 10 MPa 40 MPa), regarding 
the further compression of compressed hydrogen shipped by trailer for high-pressure fueling of FC Vs. In 
addition, JHI'C [2004] (p.38) provides field test results for a mobile hydrogen station (19.6 MPa 35 MPa). 
For this .study, the values given in JHFC [2004], which are close to actual values, were u.sed. 


(A) NEDO [2002-1] 

The power consumed during high-pressure refiieling of compressed hydrogen to a FCV, calculated based on 
specifications proMded in NEDO [2002-1] (p.l6) for high-pressure storage & high-pressure fueling stations, 
is 0.!2-0.15km/NmbH2. 

(B) JHFC [2004] 

Calculations arc based on data given in JHFC [2004] (p.38). Here, the pressure of compressed hydrogen 
supplied to a FCV is 35 MPa. 


<ii> High Pressure Fueling of Liquefied Hydrogen (0.0708 kg/L) 

In this process, the liquefied hydrogen is stored as liquefied hydrogen and supplied through high-pressure 
fueling to a FCV as compressed hydrogen (40 MPa). NEDO [2002-1] (p.l6) provides data related to three 
examples of off-site hydrogen station, 100 NmVh, 300 Nm'/h, 500 NmVh (liquefied storage & high-pressure 
fueling, average 0.0708 kg/L^40 MPa), regarding this process. Here, data calculated based on .specifications 
for liquefied storage - high-pressure fueling stations, provided in NEDO [2002-1] (p.l6), is used. 


<iii> Fueling as Liquefied Hydrogen (0.0708 kg/L) 

In this process, the liquefied hydrogen is stored as liquefied hydrogen and supplied to a FCV without change 
during fueling. NEDO [2002-1] (p.l7) provides data related to three examples of off-site hydrogen station, 
100 Nm'/h, 300 Nm'/h, 500 Nm'/h (liquefied storage & liquefied fueling, average 0.0708 kglL->40 MPa), 
regarding this process. Here, data calculated based on specifications for liquefied storage & liquefied fueling 
stations, provided in NEDO [2002-1] (p.l7), is used. 
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2.7.3 Calculation results 

The calculation results for hydrogen production pathways are indicated separately for on-site (hydrocarbon 
reforming, on-site water electrolysis) and ofF-site (compressed hydrogen transportation compressed 
hydrogen flieling, liquefied hydrogen transportation compressed hydrogen fueling, liquefied hydrogen 
transportation liquefied hydrogen fueling). 

Regarding the no-site hydrocarbon refonning, the Faults of calculations for energy consumption, GHG 
emissions and energy etficiency during production of 1 MJ petroleum products are shown in Table 2.7.2 
(energy consumption), Table 2.7,3 (GHG emissions) and Table 2.7.4 (energy efficiency). 


Table 2.7.2 (A) WTT energy consumption of hydrogen production pathways [MJ/MJ] 
(on-slte hydrocarbon reforming (city gas, petroleum products)) 
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Table 2.7.2 (B) WTT energy consumption of hydrogen production pathways [MJ/MJ] 
(on-site hydrocarbon reforming (synthetic fuels)) 
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Table 2.7.3 (A) WTT GHG emissions of hydrogen production pathways [g eq-COj/MJ] 

(on-site hydrocarbon reforming (city gas, petroleum products)) 
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Table 2.7.3 (B) WTT GHG emissions of hydrogen production pathways [g eq-COs/MJJ 
(on-site hydrocarbon reforming (synthetic fuels)) 
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Table 2.7.4 (A) WTT energy efficiency of hydrogen production pathways (LHV) 
(on-site hydrocarbon reforming (city gas, petroleum products)) 
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Table 2.7.4 (B) WTT energy efficiency of hydrogen production pathways (LHV) 
(on-site hydrocarbon reforming (synthetic fuels)) 
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Regarding the on-site water electrolysis, the results of calculations for energy consumption, GHG emi.ssions 
and energy efficiency during production of 1 MJ petroleum products are shown in Table 2.7.5 (energy 
consumption), Table 2.7.6 (GHG emissions) and Table 2.7,7 (energy efficiency). 


Table 2.7.5 WTT energy consumption of hydrogen production pathways [MJ/MJ] 
(on-site water electrolysis) 
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Table 2.7.6 WTT GHG emissions of hydrogen production pathways [g eq-COj/MJ] 
(on-site water electrolysis) 
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Table 2.7,7 WTT energy efficiency of hydrogen production pathways (LHV) 
(on-site water electrolysis) 
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In relation to off-site handling, depending on transportation method and fueling method, three cases were 
considered (compressed hydrogen transportation compressed hydrogen fueling, liquefied hydrogen 
transportation compressed hydrogen fueling, liquefied hydrogen transportation -> liquefied hydrogen 
fueling). 

Calculation results for each process {(A) compressed hydrogen transportation -> compressed hydrogen 
fueling, (B) liquefied hydrogen transportation coinpres.sed hydrogen fueling, (C) liquefied hydrogen 
transportation liquefied hydrogen fueling) for energy consumption, GHG emi.ssions and energy efficiency 
during the production of IMJ hydrogen, are shown in Table 2.7.8 (Energy Ccmsumption), Table 2.7.9 (GHG 
Emissions) and Table 2.7.10 (Energy Efficiency). 
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Table 2.7.8 (A) WTT energy consumption of hydrogen production pathways fMJ/MJ] 
(compressed hydrogen transportation— ►compressed hydrogen fueling) 
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Table 2.7,8 (B) WTT energy consumption of hydrogen production pathways [MJ/MJ] 
(liquefied hydrogen transportation-^compressed hydrogen fueling) 
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Table 2.7.8 (C) WTT energy consumption of hydrogen production pathways [MJ/MJ] 
(liquefied hydrogen transportation-*liquefied hydrogen fueling) 
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Table 2.7.9 (A) WTT GHG emissions of hydrogen production pathways [g eq-COj/MJ] 
(compressed hydrogen transportation-»compressed hydrogen fueling) 
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Table 2.7.9 (B) WTT GHG emissions of hydrogen production pathways [g eq-COj/MJ] 
(liquefied hydrogen transportation-*compressed hydrogen fueling) 
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Table 2.7.9 (C) WTT GHG emissions of hydrogen production pathways [g eq-COj/MJ] 
(liquefied hydrogen transportation-*liquefied hydrogen fueling) 
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Table 2.7.10 (A) WTT energy efficiency of hydrogen production pathways (LHV) 
(compressed hydrogen transportation-*compressed hydrogen fueling) 



Table 2.7.10 (B) WTT energy efficiency of hydrogen production pathways (LHV) 
(liquefied hydrogen transportation— ’compressed hydrogen fueling) 
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3. Results and Conclusions 

3.1 Weli-to-Tank Analysis Results 

(1) Energy Consumption [MJ/MJ-fuel (LHV)] 
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(continued) Energy consumption 
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(2) GHG Emissions [g-eq COj/MJ-fuel (LHV)] 
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(continued) GHG emissions 
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(3) Energy efficiency (LHV) 
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(continued) Energy efficiency 
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3.2 Case Study: Tank-to-Wheel and Well-to-Wheel GHG Emissions 
3.2.1 Assumptions about Tank-to-Wheel analysis 

Tank-to- Wheel data derived from previous research studies conducted by TMC was used. The outline of this 
data is as follows. 


(1) Vehicle Specification 

Sedan type passenger vehicle, weight; i,250 kg, displacement: 2,000ec, four-cylinder gasoline engine, 
automatic transmission. 


(2) Running Conditions 

The great effect that tunning conditions will have on Well-to-Wheel calculation results is acknowledged. 
A lthough various running conditions should be considered for evaluation purposes, as this study is classed as 
a reference case study, the running pattern used in Japan for fuel consumption measurements, the “10/!5 
mode run”, has been used. 


(3) Powertrains 

The internal combustion engine, hybrid engine and fuel cell were selected as typical powertrains, and 
combined with the relevant fuels indicated in “3.1 Well-to-Tank Calculation Results for Evaluated Fuels”. 

The fuel consumption ratio.s and exhaust gas levels (emisvsions targets) for each poweitrain in relation to the 
base vehicle is shown in Table 3.2.1 . 


Table 3.2.1 Mileage and emission target of representative powertrains covered in this study 


. Representetive powertrain 

Mfleage"’ (ratio of base value) 

Emission tai:^ 

Gasoline vehicle 

1 .00 (base value) 

Lower than the new long-term 
regulation value for gasoline 

Gasoline hybrid vehicle 

2.31 

t 

LPG vehicle 

1.00 

T 

Natural gas vehicle 

1.00 

T 

Diesel vehicle 

i.25 

Lower than the new short-temi 
regulation value for diesel (coinplying 
with the acts for NOx and PM) 

Diesel hybrid vehicle 

2.44*^ 

t 

Fuel cell vehicle 

3.75*’ 

0 (equivalent to the U.S. Tier~2 Bin 1) 


Note Mileage per litre in which each fuel is converted into gasoline aiuivalence based on heating 
value. Represented in relative values to that of gasoline vehicle. 

: Estimation from public documents *’ : Future target 


Regarding power performance, powertrain specifications were adjusted to generally match the base vehicle, 
taking the system weight and performance of each powertrain into consideration. 
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3.2.2 Well-to-Wheel GHG emissions under fixed conditions of driving sedan type vehicles 

Weli-to-Wlieel GHG emi,ssions under the condition described in 3.2.1 are shown in Figure 3 . 2.1 


Gasoline -■ iCE 
Gasoline iCE/HV 
LPG ^ ICE 
LNG ^CNG iCE 
Diesel - !CE 
Diesel -ICE/HV 
Natural Gas --f FTD - tCE 
Natural Gas DME ^ iCE 
Coai FTD - ICE 
Coa! DME - iCE 
Biomass -* FTD - ICE 
Rape seed FAME- iCE 
Waste food oil FAME ICE 
Waste wood Efoanol - ICE 
Gasoline -* (on) CGH^ - FC 
Kerosene {on)CGHj • FC 
Naphtha (on) CGHj • FC 
LPG (on) CGHj - FC 
Natural Gas (on) CGHj ■ FC 
Natural Gas -* (off) CGH. - FC 
Natural Gas -)■ MeOH (on) CGH^ - FC 
COG-»(c)fOLH2 - .FC 
Etectrol>«is (on) CGHj • FC 



-1.0 -0.5 0.0 0,5 1,0 1,5 


Relative COj emission { Gasoline - ICE = 1.0 ) SWeli-to-Tank 

■* F'owerti ain perfontrances of LPG, CNG, and sthnol CE are the same as gasoline ICE. □Tank-to-Whsel 

a.iKi ];iow Krti'ain ptirrforrttuices of FT[>, DME, and FAME are the saiTie as diesel KX 


Figure 3.2.1 An example of calculation of We!l-to-Wheel GHG emissions 


As with prior studies, at the comparatively slow running sSpeed of the “10/15 mode run”, the superiority of the 
hybrid vehicle {gasoline, diesel) in relation to GHG emissions is significant. 

For synthetic fuels such as Fischer-Tropsch diesel oil and Dimethyl ether (DME), and hydrogen, large 
variations in Well-to-Tank GHG emissions were apparent depending on the primary energy used as feedstock, 
and it is clear that an important aspect of future consider^ions will be the production of fuels through low 
GHG emission pathways. In addition, fuels derived from biomass resources have compaiatively low GHG 
emission values, and future utilization is anticipated. 

The calculation results for Well-to-Wheel GHG emissions indicated in this report represent a case study under 
a given set of conditions, and cannot be applied to discussion concerning the superiority of particular future 
automotive fuels and powertrains. Further evaluation from a comprehensive perspective encompassing the 
price of each vehicle and fiiels (economical efficiency), supply, ease of use, and so on, is necessary. 
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3.3 Considerations and Future Tasks 

3.3.1 Considerations about Weil-to-Tank analysis 

The calculations of this study mainly concern Well-to-Tank (^consideration of the fuel from extraction of 
primary energy to vehicle fuel tank) energy consumption, greenhouse gas (GHG) emissions and energy 
efficiency of current and near future automotive fuels in Japan. No fixed timeframe was set for the data 
collected, with efforts focusing on understanding and organizing existing data. Moreover, where data used in 
calculation has a broad range, the range is indicated through minimum to maximum values. 

The fuel production pathways considered were; 21 petroleum based fuels, 20 natural gas based fuels, 8 coal 
based fuels, 19 biomass resource related fuels (3 bio-diesel fuels, 10 dry biomass based fuels, 6 wet biomass 
based fuels), power grid mix (Japan average) and hydrogen production through electrolysis, 6 b>T?roduct 
hydrogen, totaling 76 pathways. The calculation results are as shown in “3.1 Well-to-Tank Analysis Results”. 

(1) Petroleum Based Fuel Production Pathways 2,1 

For petroleum based fuel production pathways, focusing on fuels for current mainstream internal combustion 
engines, diesel and gasoline, this study considered low-sulfur diesel, ultra low sulfur diesel and future (sulfur- 
free) gasoline derived through ultra deep hydrodesulfurization, and biomass based ethanol and ETBE blend 
gasoline (hydrogen from reformed petroleum products will be mentioned later). Energy efficiency related to 
the production of these fuels is high at 0.83-0.92. 

There are two main uncertain factors in the calculation of data related to petroleum based fuel production 
pathways. The first is the effect of sulfur content in crude. The effects of differences in producing region are 
greater than the effects of technological factors related to desulfurization. As the vast majority of crude oil 
currently consumed in Japan is imported from the Middle East, data calculated from statistical values, such as 
in this study, will tend to reflect the properties of Middle East crude. The suifiir content of Middle East crude 
is just under 2 %, with high aromatic content. On the other hand, the import of low sulfur content Russian and 
African crude has recently increased. African crude is a low-sulfur crude with properties similar to North Sea 
crude. Although North Sea crude is a top quality crude with less than 0.1% sulfur content, it is rarely imported 
into Japan. In addition, Russian crude is currently drawing the most attention, and this too has comparatively 
low sulfur content. Should these crude oils replace 20-30 % of the imported Middle East crude, the data given 
here may change dramatically (petroleum refining process including desulfurization). Such significant effects 
of sulfur content at source are a characteristic of petroleum based fuels (effects of differences in producing 
region). 

The second is the effect of petroleum resources known as ‘"unconventional resources” (= low-sulfur petroleum 
feedstock for refining produced through the processing of such as oil sands. Synthetic crude), which are not 
included in current statistics. The use of this feedstock is increasing rapidly in the U.S. In addition, statistics 
for Canada show that synthetic crude exceeded natural crude this year. Regarding price, crude is 
comparatively expensive at 40-50 dollars per barrel, whereas synthetic crude is less than 20 dollars per barrel. 
Moreover, as resource stocks are practically inexhaustible, depending on price, the importance of synthetic 
crude may increase in the future. However, on the other hand, problems do exist in that increase in synthetic 
crude usage will be accompanied by an increase in CO 2 emissions. 
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It is also necessary to consider the petroleum refining process as a factor specific to Japan. The characteristic 
of refining in Japan is that unlike the U.S., which uses thennal cracking to produce maximum gasoline, Japan 
uses mild cracking, applying large amounts of hydrogen to yield approximately 20% kerosene (there is almost 
no kerosene usage overseas). Although there are thermal cracking techniques using catalysts that can be 
applied to increase gasoline yield, as in the U.S., these will result in decreased energy efficiency. In reality, in 
comparison to the U.S., overall efficiency in Japan is said to be 2-4 % better. In addition, an uncertain factor 
in tbe future of the petroleum refining process in Japan is the positioning of C-heavy fuel oil. Until now, 
industrial use of C-heavy fuel oil centered on power companies, however this usage may be discontinued. 
Should current consumption conditions progress as they are, in the future, C-heavy fuel oil may be broken 
down into gasoline or diesel, resulting in a decrease in process efficiency. 


(2) Natural Gas Based Fuel Production Pathways 2.2 

For natural gas based fuel production pathways, this study considered liquid natural gas (LNG), which 
physically enhances energy density, and compressed natural gas (CNG) derived from compressed city gas 
(hydrogen from reformed natural gas will be mentioned later). Regarding supply routes, other than LNQ a 
case study of pipeline transportation from Sakhalin was also undertaken. 

Okamura et al. [2004] referenced in this study, gathers the latest information regarding the LNG Middle East 
project (Qatar, Oman) implemented from the perspective of diversification of LNG procurement, and 
analyzes the effects on GHG emissions over the LNG lifecycle (LNG used in Japan) with the addition of the 
Middle East LNG project. Okamura et al. [2004] reported that although the shipping distance doubled for the 
Middle East, representing a possibility of GHG emissions increasing for the overall lifecycle, as the CO^ 
content of feedstock from the Middle East LNG project was lower, overall GHG emissions were also lower. 
Feedstock from Arun, Indonesia contains the most COj, however this is nearing depletion. Although Japan 
will cover the volume previously procured from Arun with imports from the Middle East, GHG emissions for 
the overall lifecycle will not increase. CO 2 content of feedstock from Sakhalin is also though to be low. 

In addition, under the preconditions set in this study, the results showed that GHG emissions would be lower 
in the case of pipeline transportation from Sakhalin. The FRI-ERC [2000] report also states, “From the 
environmental perspective, if the shipping distance is less than 1 6,000 km, pipeline transportation is better 
than LNQ and for shorter distances of 2,000-3,000 km, pipeline transportation is significantly better”. There 
are currently many difficult problems of investment risk, politics and so on concerning pipeline transportation. 
When taken into consideration as a measure against global warming in the future, should the pipeline 
transportation of natural gas from neighboring countries become a possibility, it will be an attractive prospect 
worthy of implementation. 


(3) Fuel Production Pathways from Biomass Resources -> 2.3 

For fuel production pathways from biomass resources, this study considered BDF from oil crops and waste 
food oil, ethanol and ETBE produced from cellulosic materials such as sugar/starch and wood (used as a 
blend with gasoline), and CH, fermentation (synthetic fuels from biomass will be mentioned later). As the 
conversion technology for biomass resources is still in the research stages, how the future is viewed from the 
current stages of research will be important. 

In addition, considerations must be made concerning a variety of restrictions regarding introduction and 
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dissemination. For example, the introduction and dissemination of BDF may involve restrictions in cost and 
production volume. 

At present, with BDF usage in Japan, tax equivalent to tax on diesel is imposed when the BDF is blended with 
diesel (diesel excise duty). Assuming usage as a blend with diesel, the desirable Weli-to-Tank BDF production 
cost, taking diesel excise duty into account, would be about 30 yen. In addition, according to data provided in 
reference materials, assuming daily production of about 200-300 L-BDF, in order to recover the cost of the 
esterification device within the serviceable life of the reclaimed oil production device (8 years), about 10-20 
yen per liter BDF needs to be gained. In other words, large-scale production to exploit scale merit, and BDF 
dissemination on the premise of single BDF usage (not blended with diesel) will be necessary. Furthermore, 
for BDF production from agricultural products, as labor costs are a major burden in areas that cannot be 
mechanized, there are generally many cases of increased cost. Therefore, the maintenance of cost 
competitiveness through the use of waste cooking oils, which can be recovered free of charge (or inverse 
onerous contracts) is important. 

On the other hand, on the production side, due to competition with food crops, the use of abandoned cropland 
and unused land is assumed for the cultivation of rapeseed. Currently, in Japan, although there are over 
210,000 ha of abandoned cropland consisting of paddies, fields and orchards, approximately three quarters of 
this land is in plots of less than 5 ha. As a plot of land less than 5 ha can only be expected to produce about 3.7 
IcL'BDF per year, for a 1 ,500 kL/year class plant such as the one under consideration by Kyoto City, it will be 
necessary to cultivate rapeseed in 400 plots. In addition, as there will be great differences in the distribution of 
large-scale plots of unused land (greater than 30 ha) depending on region, from the perspective of nationwide 
dissemination, the utilization of unused plots is unrealistic. Consequently, the establishment of a scheme 
whereby as much waste cooking oil as possible is collected from homes in a metropolitan area, and the waste 
cooking oil generated by businesses is collected on a stable basis, is desired. 

When considering these restrictions, the stable dissemination of BDF in Japan will most likely stem from 
BDF derived from imported palm oil, and this accompanied by the utilization of waste cooking oil is 
considered realistic. However, should political backing favor rapeseed (oil crop cultivation including 
rapeseed), dissemination may progress with the production of low-cost BDF through mechanized agricultural 
work. In addition, when the premise is of importation, attention must be paid to important points such as 
demand/supply balance with other countries and measures against country risk. 

Following on, for the introduction and dissemination of ethanol, food demand and supply trends must be kept 
in mind when using saccharides (e.g. com, sugarcane), and farming and waste treatment trends must be kept 
in mind when using cellulosic resources (e.g. wood, waste wood). 

Although ethanol production using com and other farinaceous crops as feedstock is currently being promoted, 
mainly in the U.S. aid Europe, crops such as com are also important food crops, and variations in climate can 
cause sharp increases in trading prices. This will also greatly affect the ethanol production cost. In fact, the 
effect of climate risk in relation to com ethanol is said to be greater than that of country risk on crude prices. 
The relationship with sugar production is thought to have great influence regarding sugarcane. This trend is 
particularly noticeable in Brazil where cane expression businesses directly produce ethanol. In addition, 
Brazil produces approximately 30 % of the worlds sugar and accounts for approximately 40 % of exports. 
This suggests the possibility that, if growers in Brazil focus on sugar production due to variations in 
international sugar prices, ethanol demand and supply may become restricted. 

The ethanol conversion of cellulosic biomass is currently in the stages of technological development, and it is 
thought that the introduction and dissemination of this technology will be promoted in countries such as Japan 
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that have difficulty in securing saccharide resources. Other than woody biomass, viable cellulosic resources 
include rice straw, wheat straw, wastepaper and so on. Although in many cases in the U.S., the target is wheat- 
straw, the same cannot be expected in Japan as paddy fields are not necessarily large-scale and are also 
dispersed, therefore the focus is expected to be on the utilization of construction generated wood (waste 
wood). 

When considering these restrictions, implementation will progress for the time being with imported alcohol as 
the main source, with a changeover to cellulosic ethanol production in line with technological advancements. 
As it is difficult to imagine the import of com from the U.S., this is not a realistic option for Japan. 


(4) Synthetic Fuel Production Pathways -> 2.4 

For synthetic fuel production pathways, considerations were made for 3 types of primary energy (gas) that 
would be the source (natural gas, gas from coal cracking, biomass gasification gas) and 3 types of synthetic 
fuel (FT synthetic oil, DME, methanol), so calculations energy efficiency and so on were made regarding the 
9 (== 3 * 3) production pathways these represent. 

In this study, as existing studies were not available for all nine pathways, other than using prior research for 
reference in calculations of energy efficiency and so on, conditions were set for a given process, and estimates 
of energy efficiency were made under those conditions. Although the estimate results generally matched the 
results calculated using prior researches for reference, significant discrepancies were shown for some 
pathways. This is because the estimates for gas composition assumed total volume to be CH^, however the 
reality was that some non-CH^ constituents were included, and synthetic fuel is thought to be produced 
through a reforming method suitable for that composition (it is thought that for the production of all synthetic 
fuels from natural gas, the optimum reforming process is determined automatically according to the required 
Hj/CO ratio). In other words, in an industrialized facility, the optimum process has been adopted, and based 
on this the values given in reference literature are considered to be the good efficiency values. However, for 
the estimate results of this study, all four reforming process types were considered and trial calculations 
conducted for each with best and worst values given, resulting in the aforementioned discrepancies. In 
addition, since in some cases there was insufficient information for the conditions set for trial calculations, 
further information related to the process should be considered with a view to improving accuracy, and the 
trial calculation model should be studied. 

Furthermore, unlike petroleum products and natural gas, which are already in industrial use, usage of 
synthetic fuels as automotive fuel does not have an established industrial usage base, and in relation to all 
these pathways, considerations into product quality as an automotive fuel have not been made. Regarding the 
production pathways of synthetic fuels as automotive fuels, improving the accuracy of calculation results 
derived from such considerations remains as a future objective. 


(5) Liquefied Petroleum Gas Production Pathways -> 2.5 

For LPG production pathways, the LPG production methods used in Japan - collection of LPG through 
separation and processing of gas associated with crude oil (LPG from associated gas), collection of LPG 
through separation and processing of gas extracted from gas fields (LPG from raw natural gas), and collection 
of LPG as a byproduct from refineries and petrochemical plants (LPG from petroleum refining), were 
considered. 
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AvS an automotive fuel, LPG is supplied to established LPG vehicles already in use such as taxis, commercial 
vehicles and trucks. The propane/butane constituent ratio (weight) of LPG used in motor vehicles is about 
20:80 in summer and about 30:70 in winter. In prior studies referenced in this study, information regarding the 
quality of these ratios is unclear. Regarding the production pathways of LPG as an automotive fuel, improving 
the accuracy of calculation results derived from such considerations remains as a future objective. 


(6) Electricity (Electric Power Generation Pathways) -> 2. 6 

For electrical power (power generation pathways), petroleum fired thermal, LNG and LNG combined cycle, 
coal fired thermal, nuclear and biomass power generation, and the electricity mix from the average power 
generation structure of Japan, were considered. Electric power is used to recharge electric vehicles and for 
hydrogen production through water electrolysis. 

Attention must be paid to data used in the calculation of COj emissions and energy efficiency associated with 
electricity usage, as changes in this data will occur depending on perspective, such as the use of a single fossil 
fuel or the use of energy to power vehicles. From the perspective of how a fossil fuel should be used, it is 
appropriate to investigate how CO 2 emissions and energy efficiency is affected through the various pathways 
from one fossil fuel. On the other hand, from the perspective of what should be used to power motor vehicles, 
it is appropriate to consider energy use as 1 kWh = 3.6 MJ, regardless of the primary energy. 

Regarding electricity generation mix (Japan average), when using the calculation results, attention must be 
paid to the fact that COj emissions associated with electricity use are thinned out. If electricity is to provide 
energy for transportation, new power plants will be required, and considerations must be made into what will 
be used in the new power plants to supply the energy to meet the new demand. 

In addition, for biomass power generation (direct combustion, steam gas turbine power generation, 
gasification gas turbine power generation, CH 4 fermentation gas engine power generation), differences in the 
composition of the input and processes (including reaction conditions) greatly affect the results. The 
calculation results of biomass power generation in this study are all derived from information relevant to a 
specific site, and may be uncertain and varied in comparison to the calculation results for all thermal and 
nuclear power generation. Improvement of accuracy here also remains as a future objective. 

(7) Hydrogen Production Pathways ^ 2. 7 

For hydrogen production pathways, following transportation to hydrogen stations in the fonn of petroleum 
products, city gas, pure water and so on, considerations were made for cases where hydrogen is produced 
through hydrogen production devices (on-site), and cases where hydrogen is produced at large-scale facilities 
such as a central plant and shipped out in the form of compressed or liquefied hydrogen (off-site). 

Hydrogen for use as fuel for FCVs does not exist as elementary substance in a natural state, and as shown in 
pathways considered in this study, conventional energy sources must be relied upon for production (although 
GHG emissions associated with hydrogen production are practically zero when renewable energy is used, at 
present, such renewable energy is not in general use). 

The majority of hydrogen production pathways considered in this study have not as yet reached levels suitable 
for practical application. In other words, much of the data used for calculation in this study is based on ideals, 
and the task remains as to how estimates should be made concerning deviation between these results and data 
that will become available following industrialization. 
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In addition, this study considers byproduct hydrogen as a secondary product. However, for ironworks and 
caustic soda plants where byproduct hydrogen is used effaitively, it will be necessary to consider alternative 
fuels to supplement energy deficiencies incurred through the use of hydrogen as fuel for FCVs. In such cases 
(where utilization is sufficient), by the calculation results of this study, usage for FCVs will not be effective. 

At this point, based on the calculation results of this study, hydrogen cannot be said to be particularly superior 
to conventional fuels. However, the attraction of hydrogen is in <i> no GHG emissions during use and <ii> 
can be extracted from various resources (diversity of feedstock). In addition, unlike CO 2 emissions from 
existing systems such as gasoline vehicles, CO 2 emissions from the hydrogen production process are 
generated in specific locations and may be recovered and sequestered. Depending on trends in the recovery 
and sequestration of CO 2 , huge reductions can be expected in GHG emissions from hydrogen production 
pathways. Furthermore, depending greatly on regional characteristics, further improvements can be made on 
the energy efficiency of hydrogen such as through the use of waste heat from reforming for cogeneration. 
Taking all these points into consideration, it will be necessary to seek appropriate hydrogen production 
pathways. 

3.3.2 Future Tasks 

The credibility and applicability of calculations in this study depends greatly on calculation preconditions 
such as implemented load distribution methods and quality of data. In reality, some ftiels such as petroleum 
products, city gas, LPG and electricity are already in industrial use, while biomass resources, synthetic fuels, 
hydrogen and so on are still in the early stages of technological development. In addition, even where 
calculation results of this study are based on actual values, as there is a high degree of uncertainty concerning 
matters such as future technological innovation, market size, new laws and regulations, many problems exist 
concerning the simple comparison of these fuels. Furthermore, regarding load distribution between main 
products and cO‘products^yproducts, although this study has been conducted under the premise that, in 
principle, byproducts will be disposed of, the usage of certain byproducts has been considered in existing 
studies although the possibility of realizing this usage is unclear (load distribution considerations). For these 
reasons, the calculation results of this study are not unlike preliminary approximations, and in order to 
contribute further to the initial objectives, the consistency of preconditions and the accuracy of data used in 
calculations must be improved, and the credibility of the results must be enhanced. 

The emphasis of this study is on Well-to-Tank analysis. In future, these results will be combined with various 
Tank-to-Wheel analysis results and basic data, and various further analyses will be scheduled in relation to 
overall efficiency from extraction of primary energy to actual vehicle fuel consumption “Well-to-Wheel” (see 
Figure 3.2.1). At such a time, it may also become necessary to modify or adjust the calculation results of this 
study in order to comply with analysis preconditions. 

Well-to-Wheel analysis results will be an important factor in the selection of future technologies and fuels. 
However, technologies and fuels that will be implemented in the future will not be determined by this factor 
alone. This is because a variety of other factors such as cost, infrastructure, completeness of the technology, 
supply potential and usability will also be taken into consideration. In future, it will be necessary to seek out 
optimum vehicle/fuel combinations according to the enei^ circumstances, available infrastructure and 
regulations that apply in each country or region. 
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Chairman Bingaman, Senator Thomas, and Members of the Subcommittee: It is a privilege to 
testify before you today on the importance of maintaining coal as a vital source of energy for the 
production of electricity in our Nation and the importance of continuing Federal support for coal. 
As history has clearly shown. Federal funding of research and development and Federal tax 
incentives are catalysts to stimulate the development of innovative and cost-effective 
technologies that can address our country’s energy and environmental concerns, such as the 
control of emissions from coal-fired power plants. 

For the past 30 years, the scientists and engineers at ADA Environmental Solutions (ADA-ES) 
have built an international reputation for developing and commercializing highly efficient 
emissions measurement and control technologies for the power industry. Starting in 2000, we 
began to focus our efforts on research, development, and demonstration of technology for 
reducing mercury emissions. Today, we are the market leader in providing commercial 
equipment to capture up to 90% of mercury generated by the combustion of coal. These 
experiences demonstrate the importance of the right Federal involvement as this Subcommittee 
and firms such as ADA-ES begin to grapple with other challenges to our energy supply. 

Our Testimony Today 

Today we would like to give you our perspective of clean coal by discussing the following 
points: 

1) Coal is critical to our future because it is reliable (base load capacity), inexpensive, 
abundant, and local. 

2) The industry has demonstrated the ability to meet environmental challenges involving 
NOx, SO 2 , particulates and mercury. 

3) Federal incentives, such as tax credits, have been effective in advancing technology to 
ensure realistic options exist and that the costs of these options are manageable. 

4) Success for new technologies depends on a careful balance between: 

• Incentives for technological developments; 

• Sufficient time for risk mitigation; and 

• Regulation or tax-based market drivers (often referred to as “sticks” or “carrots”). 

5) CO 2 control seems to be the next concern for our nation’s coal industry and the critical 
points are: 

• The scale is massive; 

• The timeframe is probably long — 10 to 20 years; 

• Sufficient investment is critical; 

• Success is likely; and 

• Investment and incentives need to be designed to ensure that multiple 
technological paths are followed and that costs and risks are reduced. 


Coal Is Critical To Our Future 

As an enviromnental technology company, ADA-ES believes that the continued use of coal is 
critical for sustainable and reliable power generation in the U.S. 
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America leads the way in environmentally beneficial technologies. As a result ot tightened 
regulations, we continue to improve technology so that the air wc breathe and the water we drink 
are cleaner. We reap these related health benefits because our nation’s strong economy allows us 
to allocate significant resources to these efforts. Much as our country' demands higher air and 
water quality standards, we also need power generation that is inexpensive, reliable, and secure. 
Coal meets these needs. Today, more than 1,100 coal-fired boilers produce more than 50% of 
our nation’s electricity. Figure 1 illustrates the strong correlation between the use of coal and the 
ability to provide inexpensive electricity. 

Electricity is a much more valuable commodity than it has ever been. Coal plants have increased 
operational capacity from 5.9% in 1990 to between 80% and 85% in 2006. The U.S. is expected 
to need 50% more electrical capacity by 2030. To meet this need, the reliability of coal-fired 
power plants must continue to improve. 

Economic development requires enormous investments in all aspects of energy infrastructure and 
significant increases in power generation. This is the motivation that drives us to optimize our 
current investment. We really have no other choice, as it would take decades to replace our 
current infrastructure. 

Any expansion of power supplies must recognize that no single energy source can meet this need 
- it requires a portfolio of solutions, including efficiency gains, more renewables, new nuclear 
power capacity and new coal-based generation. As renewables, such, as solar and wind power, 
become a greater portion of our energy mix, it becomes more important to maintain a source of 
reliable power that can operate continuously in all weather conditions. 



0% 20 % 40 % 60 % 80 % 100 % 

Coal Usage in State {%) 


Figure 1. Cost of Electricity in a State as a Function of the Percentage of Electricity 
Produced from Coal. 
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Coal can also play an important role in national security by reducing our dependence on foreign 
energy sources. The United States has the largest coal reserve in the world, and have more coal 
than any nation has of any single energy resource. At current consumption rates, these coal 
reserves could supply our nation with 250 years of fuel. This is far greater than our reserves of 
natural gas and oil combined. 

For these reasons, coal remains an essential part of the U.S. generation mix as a secure, plentiful, 
and relatively inexpensive fuel source. However, we as a nation must determine how to 
continuously improve emissions. Our goal needs to be “clean coal”. 

Clean Coal Background 

The emissions control industry has made huge advancements in technology to improve emissions 
from coal-fired power plants. Collaboration among research organizations, universities, and 
power generation partners has enabled emissions of criteria pollutants sulfur dioxide (SO 2 ), 
nitrogen oxides (NOx), and particulates from the existing fleet of coal fueled power plants to be 
lower today than they were in 1970, even as power produced from coal plants has increased by 
173% (See Figure 2). 

Reductions in NOx, SO. 2 , and particulate emissions were driven by a balance between technology 
development incentives and emissions regulations. As an example, in the early 1970’s, flue gas 
desulfiirization equipment, commonly referred to as “scrubbers,” were new and suffered from 
poor reliability and performance. Over time, as experience was gained and equipment modified, 
efficiencies rose from about 70% SO 2 removal to 95% to 98% today, with similar improvements 
in reliability. The emissions of criteria pollutions shown in Figure 2 will continue to decrease 
each year as emission control equipment is installed on more plants as a result of new regulations 
such as the Clean Air Interstate Rule. 



Figure 2. NO„ SO 2 , and particulate emissions from coal-fired power plants continue to 
decrease even as we increase production significantly. 
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Challenges in Developing New Emission Control Technology for the Power Industry 


To understand how to make coal cleaner, if is helpful to appreciate how emissions control 
technology has developed for this industry. Since the first Clean Air Act of 1970, the power 
industry has gone through several rounds of implementing emissions control technology for 
NOx, SO 2 , and particulates. In each case, there were very similar experiences as new technology 
was applied in an industry where reliability and compliance are mandatory. We learned the 
following important lessons: 

• Be prepared for unexpected reactions between flue gas constituents and chemical 
reagents used to control the pollutants; 

• Do not underestimate the differences in coal and plant operating conditions to 
cause wide variations in emissions; 

• Try to plan for significant O&M problems that might not show up until after long- 
term operation; and 

• Look for secondary effects on other components of the power plants. 

In each case, new-technology challenges had a significant impact on the reliability of power 
generation. The plants were forced to operate at reduced loads and suffered many unplanned 
shutdowns for maintenance and repair. Over time, technologies were improved to an acceptable 
level of cost and reliability. This is the true measure of acceptance, although significant risks 
may remain depending on how widespread the technology was applied during the early adopter 
phase. For example, Hot-Side Electrostatic Precipitators (for particulate control) have cost the 
industry over a billion dollars. After initial successes, the technology was quickly applied to 150 
power plants only to have a fatal flaw subsequently discovered. 

One of the challenges with implementing new emissions control technology is that the scale is 
massive. For example, emissions control equipment for a 500 MW plant treats two million cubic 
feet of flue gas every minute. Scrubbers may be as large as the power plant to which they are 
attached. Imagine the complications involved when we need to add new emissions control 
technology without taking the plant off-line. 

We have learned that the best way to bring new technologies to an existing coal-fired power 
plant is to proceed through a carefully chartered course: 

1 . Laboratory testing; Provides a cost effective means to determine general 
feasibility and test a variety of parameters. 

2. Pilot-scale: Test under actual flue gas conditions but at a reduced scale. 

3. Full-scale field tests: Scale up the size of the equipment and perform tests under 
optimum operating conditions to define capabilities and limits of the technology. 

4. Full-scale field tests at multiple sites: Each new site represents new operating 
conditions and new challenges. 
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5. Long-term demonstrations at several sites: Some problems will not show up until 
the first year or so of operation. 

6. Widespread implementation: Problems will still be found at new sites, but most 
of the fatal flaws will have already been discovered and resolved. 

We know from experience that trying to accelerate technology development by skipping these 
steps can result in large-scale operating problems and untimely and expensive plant outages. We 
also know that it takes ten to twenty years to successfully implement a major technology in this 
industry and implementation presents significant risks to the developer and user at each stage. 

In addition to the technology risk, there is significant financial risk to the developer. This is 
especially true when there is no regulation to guarantee a market will exist for a technology to 
control an emission that has not been previously regulated. There is often a “chicken and egg” 
dilemma in which there is no regulation to incentivize the development of a new technology and 
therefore there is no technology on which to base a regulation. Such was the case in the recent 
past, when the power industry was faced with reducing mercury emissions for the first time as 
discussed below. 

ADA-ES Experience in Deveioping and Implementing Mercury Control Technology 

It is instructive to present a case study on how Federal initiatives effectively provided incentives 
and risk mitigation that allowed industry to successfully develop cost-effective mercury control 
technologies for coal-fired power plants. 

Methyhnercury, which builds up in certain fish, is a neurotoxin that leads to developmental 
problems in fetuses of pregnant women. Mercury contained in coal represented the largest man- 
made source of mercury. In December 2000, the Environmental Protection Agency announced 
that it was beginning to consider regulating mercury emissions from the nation’s coal-fired 
power plants. 

In anticipation of future regulations, the Federal government and industry funded research to 
characterize the emission and control of mercury compounds from the combustion of coal. Some 
estimates showed that 90% mercury reduction for utilities would be expensive for the industry 
because of the large volumes of gas to be treated, the relatively low mercury concentrations, and 
the difficulty of capturing certain species of mercury in its vapor phase. 

With potential regulations rapidly approaching, it was important to concentrate efforts on the 
most mature retrofit control technologies. Injection of dry sorbents such as powdered activated 
carbon (PAC) into the flue gas and further collection of the sorbent by ESPs and fabric filters 
represented potentially tbe most cost-effective control technology for power plants. 

The Department of Energy (DOE) realized the criticality of demonstrating and optimizing scale- 
up of sorbent injection technology to provide performance data for regulations. The DOE 
National Energy Technology Laboratory cost-shared these demonstrations, with additional 
funding from several power companies, the Electric Power Research Institute, and private ADA- 
ES fimdrng. 
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The DOE-supported field tests resulted in great advances in technologies to capture mercury 
emissions and decreased costs. A 2005 report by the DOE Energy Information Administration 
concluded that because technology for 90% mercury control from Western (Powder River Basin) 
coals was not available, an overall 90% mercury control rule could cost $358 billion. However, 
use of these new technologies later demonstrated that the 90% reduction for PRB coal could be 
achieved for less than $ 1 billion per year. This saving represents a huge return on the investment 
made by the Federal government in supporting early development and demonstration of mercury 
control technology. 

This success has allowed a dozen states to take mercury control into their own hands and 
implement stringent regulations on power plants in their respective states. This action has created 
the first real commercial market for the new mercury control technology. 

Refined Coal Tax Credit (Section 45) 

Tax incentives also play a vital role in achieving even further emission reductions. The 2004 
American Jobs Creation Act included a production tax credit designed to incentivize clean coal 
at the front end - changing the way the coal bums - for older plants with limited resources or 
space to add back-end emission control. The tax credit was written with clear emissions 
reduction goals: 20% NOx reduction and either 20% mercury or SO 2 reduction. An additional 
market value test, requiring that the product result in a 50% increase in market value over the 
feedstock coal still needs clarification (e.g., a baseline determination), but the credit is significant 
in that it represents a strong goal-oriented, rather than specific technology-driven, tax incentive. 

ADA-ES responded to the incentive of the tax credit and assembled a team to apply mercury 
control expertise to invest in technology development for a refined coal product that will allow 
older cyclone boilers to reduce mercury emissions by 90% - enough to meet stringent state 
regulations — simply by burning refined coal. Clarification on the market value test will allow us 
to move to full-scale demonstrations to optimize and deploy our refined coal technology, and 
realize the goals Congress intended by the legislation. 

Clean Coal: Carbon Challenges 

Carbon, in the form of carbon dioxide {CO 2 ), is a greenhouse gas that contributes to climate 
changes. Our goal is to reduce CO 2 from both new and existing coal-fired power plants. This 
presents a number of challenges for technology development. It is not our purpose to detail the 
technologies being advanced to address these issues - there will be a comprehensive report issued 
by the National Coal Council this summer that will provide in-depth background on the various 
approaches. Instead, we would like to briefly note three key areas for technology development. 

1) First, increased efficiency. The most effective way to quickly decrease carbon 
emissions is to increase efficiency of power production on new and existing boilers. 
Today we have more than 1,100 coal-fired boilers in the U.S. with an average age of 
45 years. When many of these plants were built during the 1950’s and I960’s, we did 
not care much about efficiency because coal was readily available, and inexpensive. 



C02 Emissions, tonne/MWh 


202 


Figure 3 shows that we produce 25% less COi as boiler efficiency increases from 
35% to 50%. That is 25% less carbon that we have to separate and sequester. In May 
2001, the National Coal Council produced a report that identified technologies that 
could increase the amount of electricity from the existing fleet of coal plants by 
40,000 MW in a three-year period. Those recommendations remain viable today. To 
increase the amount of electricity generated by the existing fleet by 40,000 MW 
without the need to build a single new plant of any fuel type represents a tremendous 
greenhouse gas mitigation opportunity for this country. 

However, although increased efficiencies result in lower C02/MW-hr, it also requires 
higher investment per mega watt-hour. At present, there is no incentive to absorb 
these increased costs for reducing carbon dioxide emissions. 

2) Carbon separation. Nitrogen comprises 78% of the flue gas from a coal-fired power 
plant. We have to separate the carbon from the nitrogen. Known technologies to do 
so include oxygen-fired combustion and amine (MEA) scrubbing for pulverized coal 
(PC) boilers, or chemical separation for integrated gasification combined cycle 
(IGCC) systems. The challenges now relate to scale and cost with this technology. 


3) Carbon storage and sequestration. Once the carbon is separated, we must store, or 
sequester, it. Known technologies to do so include injection for enhanced oil 
recovery (representing only a small percent of CO 2 ), deep well injection, and deep 
ocean injection. The biggest challenges are the unknown long-term effects, which 
will determine long-term ownership and legal liabilities. Transportation of CO 2 from 
plants to storage sites will require large and expensive infrastructure development. 

Cartxm Dioxide Emissions vs Net Plant Efficiency 

(BMed on ftrtng Pittsburgh 08 Coal} 



Figure 3. CO 2 emissions as a function of Net Plant Efficiency. 
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The Size of the CO 2 Problem 

Carbon dioxide emissions from coal-fired power plants are bigger than anything our industry has 
experienced in the past. The average 500MW plant produces 900,000 lbs of CO 2 per hour, and 
for a typical PC boiler, this CO 2 is highly diluted in the flue gas. Compare this amount of CO 2 to 
about 0.01 lbs of mercury per hour for the same plant. The scale for carbon capmre and storage 
technology is daunting and the costs will be high. 

Technology mamration for carbon capture and storage will take time and the technologies are in 
their infancy. However, based on advances to date, they should become available and less 
costly, within the next 20 years or sooner. Carbon capture and storage technologies can be 
expedited, but they cannot be willed into existence overnight by changes in policy. CO 2 
emissions from the U.S. are only a fraction of the world’s carbon emissions. Technology 
developed in the U.S. ean be transferred to countries like China and India that will allow the U.S. 
to leverage its investment in technology development. 

New Coal-Fired Generation 

Utilities are designing new coal-fired power plants to incorporate carbon separation and capture 
technologies as they become available. New coal plants will include both supercritical and ultra- 
supercritical PC boilers, as well as IGCC systems. They will incorporate the same carbon 
separation and storage technologies described above. 

The Role of Carrots and Sticks in Encouraging Investment in Technology: 

Not Choosing a Winning Technology 

Coal-fired electricity is cleaner today as a result of a balance between “carrots” (e.g., 
government-funded technology development or tax incentives) and “sticks” (e.g., government 
regulation or restrictions). It is ineffective to impose the stick until technologies are ready, or 
nearly ready. Carrots, of course, will help speed up this process. In promulgating carrots and 
sticks, it is also important that the government defines a goal (e.g., reduced carbon emissions), 
but does not choose winning technologies. This notion is supported by most recent collaborative 
studies on reduced carbon emissions. For example, the 2007 MIT Interdisciplinary study, “The 
Future of Coal,” suggests that the government must not select specific technologies, but rather 
should incentivize technology development towards a common goal. 

Timing is Critical: If we impose clean coal restrictions (e g., in the form of carbon taxes or 
emission limits) before separation and storage technologies are available, electricity costs will 
spiral, uiuaveling our economy and our ability to afford new technologies. However, history has 
demonstrated that if we first incentivize technology development, provide for risk reduction, and 
carefully time restrictions, the market will develop and provide winning technologies. 
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Summary 

Clean coal is an important and viable part of our energy future. To move coal into a carbon- 
constrained world, we need to: 

• Preserve base load electricity-generating capacity with reliable, inexpensive sources. 

• Balance base-load capacity with renewable sources. 

• Carefully balance timing between the carrots (c.g., tax credits and technology 
development funding) and the sticks (e.g,, regulations). 

• Incentivize the achievement of goals, not specific technologies (i.e., we should 
reward any carbon reduction, not just the known technologies to do so). 

• Encourage more technology development (R&D tax credits, demonstration tax 
credits, etc., and coordination with DOE R&D funding). 

We need to invest now in tax incentives and support for technology development. We do not 
know enough, yet, to decide which technology will be most cost-effective for each particular 
facility. Following multiple paths will increase the likelihood of sufficient successful options for 
application in the future, and will not preclude out-of-the-box technologies that have not yet been 
envisioned. 

We believe that, based upon our past accomplishments, given sufficient resources and incentives, 
we can make clean coal a reality. 

Thank you for your attention to this important National matter. We look forward to working 
with the Subcommittee and the Congress in meeting the challenges ahead. We would be happy 
to provide any additional information, analysis, etc., that you or your staff require. 
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Carbon Capture, Sequestration and Enhanced Oil Recovery: Potential 
Opportunities and Barriers in the Context of Geologic and Regional Factors 

Executive Summary 

Thank you for the opportunity to testify about potential incentives and barriers associated with 
carbon capture and sequestration. My name is Brian McPherson and I specialize in geology, 
geophysics and subsurface hydrology. For the past 10 years, I served as a professor of 
hydrogeology at New Mexico Tech. For the past VA years I have served as PI and Director of 
the Southwest Regional Partnership on Carbon Sequestration, a consortium sponsored by the 
U.S. Department of Energy along with six other regional partnerships. At this time, I am 
employed at both New Mexico Tech and the University of Utah. 

The general premise of geological CO 2 sequestration is to 

(1) separate CO 2 from power plant flue gases, 

(2) capture that CO 2 in a separate stream, 

(3) compress the CO 2 to elevated pressures to maximize its density, 

(4) inject the CO 2 into subsurface geological formations ranging from 2,500 to 20,000 feet 
depth. 

Target storage reservoirs are porous and permeable rock layers, overlain by low-permeability 
confining layers. Such geologic reservoirs have contained brine, oil and natural gas for 
millennia, and thus using these reservoirs for storing CO 2 is a very viable concept. Target 
reservoirs are commonly classified by what type of fluid they hold, including: 

• Depleted oil and gas fields: Injection ofC02 into these reservoirs can enhance oil recovery 

(EOR) or gas recovery (EGR); 

• Deep unmineable coal seams: Injection of CO 2 into these reservoirs can enhance gas 

recovery (EGR); 

• Deep saline formations: classified as reservoirs with brine salinities greater than 10,000 

ppm; injection into these reservoirs is preferred by many because the brine is not useable 
for other purposes. 

With a robust confining layer, sequestration duration can be maximized and risk minimized. 
With respect to engineering, such CO 2 injection has been done for decades in many areas of the 
U.S., for enhanced oil recovery. Thus, the engineering and technological details are relatively 
mature. 

At the moment, 25 field geologic sequestration demonstration tests are being designed and 
scheduled for deployment in the U.S. over the coming 3 years. An additional 20 or so are 
ongoing or slated for deployment soon in other countries. Most of these tests are using different 
technologies, including different engineering designs, different monitoring approaches, different 
risk assessment protocols and different mitigation strategies. And, most of these tests are 
relatively small in scale: small injection rates compared to typical power plant emissions output. 
The uncertainties associated with evaluation and design of large-scale sequestration operations 
are significant. For large-scale geologic sequestration to be deployed and sustainable over the 
long-term, a realistic, field-based evaluation of uncertainties, and how these uncertainties affect 
risk assessment and mitigation strategies, must be carried out. Additionally, the community also 
needs a meaningful assessment of CO 2 trapping mechanisms and the physical and chemical 
factors that may cause the mechanisms to lose efficacy under realistic (field) conditions. Next 
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year, the U.S. will begin deployment of several commercial-scale sequestration deployment 
demonstrations. These will sequester up to 1 million tons/year, the seale of a typieal power 
plant’s emissions, with a scheduled duration of 5+ years. These tests will provide a good deal of 
the data required to maximize storage capacity and minimize uneertainty associated with 
commereial-scale sequestration, but not all of it. Therefore, I suggest that incentives may be 
needed to provide the huge amount of data needed to ensure eommereial sequestration is robust 
and safe. Furthermore, I suggest that new incentives are needed to motivate industry to take on 
eommereial sequestration as a routine part of business. I list these suggestions here. 

(1) First, I reeommend incentives that will stimulate sequestration operations, with some 
assigned greater priority than others. Specifically: I suggest that greatest priority and 
ineentives be assigned to deep saline formations underlying oil/gas fields, to maximize 
relevant characterization data availability and monitoring opportunities. Next in the 
priority list would be deep saline formations not underlying oil/gas fields. Finally, the 
priority list and ineentive ranking should include CO 2 injection in oil and gas reservoirs 
with maximized sequestration and minimized CO 2 recycling. 

(2) I recommend incentives that will assist with providing the data necessary for liability, risk 
and capacity assessments associated with sequestration. Specifically, oil/gas and other 
entities hold a huge amount of data privately, and these data are essential to providing 
robust assessments of capacity and risk. The DOE’s Regional Partnerships, in 
collaboration with state geological surveys and the USGS, are gathering a great deal of 
data and assembling them for the public in the form of NATCARB, a national carbon 
sequestration database. If added, privately held data would likely more than double the 
size of that database, and as well would double our ability to assess capacity and risks of 
sequestration. 

(3) I recommend that areas of the country that lack CO 2 pipeline infrastructure be provided 
incentives for building such pipelines. For commercial-scale sequestration to move 
forward, infrastructure will be necessary. 

(4) I recommend incentives for state-, federal- or privately-sponsored indemnification. The 
states of Illinois and Texas assembled comprehensive indemnification plans for 
FutureGen, and these plans may serve as a template for future liability associated with 
commercial sequestration. 

(5) The U.S. lacks a fully resolved regulatory framework. Any planned incentives for 
sequestration and EOR should factor in the evolving regulatory framework being 
developed by the EPA, the Interstate Oil and Gas Compact Conunission, the Regional 
Partnerships, and individual states. 

Thank you again for this opportunity to speak to you today. 1 look forward to any questions you 
may have. 
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I. Potential Opportunities for Geologic CO2 Sequestration 
Enhanced Oil Recovery and Sequestration 

In many areas of the United States, enhanced oil recovery (EOR) is a potential driver for 
carbon storage. The basic premise of C02-based EOR is to inject CO 2 into an oil reservoir, 
which will reduce the viscosity of oil and facilitate easier production. Some of the injected C02 
comes back to the surface with the produced oil, where it is separated from the oil and reinjected 
to continue the EOR process. 

EOR generates profits from the sale of the produced oil. As a result it is a strong motivator 
for carbon storage and should be encouraged. I would like to see incentives for companies to 
maximize the ultimate storage of carbon dioxide in these reservoirs at the end of a field’s useful 
life. While there is a small possibility for CO 2 to leak to the surface through abandoned wells, 
this drawback can be offset through regulatory and monitoring requirements. 

Deep Saline Formation Sequestration 

The capacity of deep saline formations - these are deep rock units filled with water which 
contains high levels of salts and minerals and is well below drinking quality standards - in 
sedimentary basins tends to be much greater than that for typical oil/gas fields, and thus these are 
preferred targets for sequestration. Additionally, oil and gas fields have the potential of CO 2 
leakage because of abandoned wells, as mentioned above, whereas deep saline reservoirs possess 
few or no such wells. 

Since deep saline formations represent a low-risk, high capacity storage site for C02, 1 
recommend using tax incentives or other means to stimulate storage in these formations. EOR 
has the built-in profit incentive from the sate of incremental oil. Perhaps the incentives for deep 
saline formations could offset this built-in advantage. 

However, I suggest that the best deep saline formations for sequestration are those that lie 
beneath oil and gas fields. The reasons for this are many; 

(1) Areas with oil and gas fields tend to have more data associated with them, driven by previous 
or ongoing oil and gas exploration, whereas areas not prone to oil gas have sparse, if any, data. 
Data enable us to better characterize the area, which gives us greater certainty that the C02 will 
stay where it was injected, 

(2) Oil and gas fields tend to have infrastructure to transport and inject CO 2 locally, including 
pipelines or at least existing pipeline rights-of-way. 

(3) Oil or gas reservoirs, especially active ones, may be monitored for CO 2 that may leak from 
the target saline formation below. Because of its low density, CO 2 will always migrate vertically 
towards the surface, and in this scenario will reach the oil/gas reservoir first. Tracers, if needed, 
may be injected with the CO 2 to provide a means of detecting the CO 2 if it moves into the oil/gas 
reservoir. This effectively provides an early-warning system that the C02 is not staying in the 
targeted reservoir. 

Thus, perhaps the greatest incentives could be instigated for deep saline reservoirs beneath 
oil/gas fields. In sum, I recommend that incentives be provided to stimulate sequestration 
operations, prioritized according to the high-to-low order below: 

(1) deep saline formations underlying oil/gas fields, to use available relevant data to 
characterize the target formation and provide monitoring opportunities. Additionally, 
negotiating mineral rights, water rights, and “pore ownership” associated with 
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sequestration will likely be easier in formations within and under oil/gas fields, because 
such rights in these areas were previously evaluated, in general. 

(2) deep saline formations not underlying oiVgas fields 

(3) oil and gas reservoirs with maximized sequestration and minimized CO 2 recycling (i.e., 
minimize use of re-produced CO 2 for continued EOR). 

2. Potential Barriers and Restrictions for Geologic CO 2 Sequestration 
The Pipeline Differential 

Adoption of sequestration requires not just good geology, but also pipelines. Pipelines are 
necessary to transport the vast amounts of CO 2 to be sequestered. A typical coal-fired power 
plant produces 1 to 1 5 million tons of CO 2 per year, and the ideal sequestration reservoir may be 
tens to hundreds of miles away. The southwestern U.S. enjoys a limited CO 2 pipeline network 
for transporting CO 2 from natural CO 2 reservoirs in southern Colorado and New Mexico into the 
Permian Basin of western Texas for EOR. The presence of this existing pipeline infiastructure 
is facilitating numerous medium- to large-scale sequestration pilot demonstrations, and is also 
providing a basis for planning future commercial sequestration operations by several major 
electric utilities in the region. For example, discussion focuses on using these major pipelines 
for linking C02 sources (power plants) with the best C02 storage sites. 

However, in other parts of the country, planning for commercial sequestration is hampered 
because of the lack of such pipeline infrastructure. Commercial operations will likely go 
forward in these areas - the geology is good for carbon sequestration - but pipeline costs 
currently exceed $20,000 to $50,000 per mile, severely limiting their expansion. 

In sum, providing incentives for areas without existing pipelines could help stimulate the 
infiastructure development necessary for long-term commercial sequestration possibilities. If 
large-scale commercial CO 2 sequestration is to become a reality, regional and/or national CO 2 
pipelines that mimic the natural gas pipeline infrastructure will be needed. 

Liability for sequestered CO 2 

Liability of CO 2 capture and geological sequestration is generally classified into (a) 
operational liability and (b) post-injection liability. For both types of liability, I recommend that 
ownership and liability should be one and the same, i.e., whatever entity takes ownership also 
takes liability. 

If a State takes on liability, then that state could own the CO 2 ; likewise for a private company. 
In many states, especially oil-producing states, CO 2 is a commodity, and therefore most liability- 
holders will probably want to own the CO 2 . In some states, CO 2 may not be as valuable a 
commodity, and in this case private or state/federally sponsored insurance may be preferred. 

Regardless of whether liability protection is provided by state, federal, or private entities, the 
scale of liability costs will be determined by the amount of data available to characterize a 
sequestration site’s capability to retain CC )2 and to evaluate and provide quantified risk 
assessments. The more data that are available and useable, the lower the likely liability cost. 
Liability characterization frameworks are being developed by the U.S. Department of Energy’s 
Regional Partnerships, and this work is being done in collaboration with federal agencies, 
including the U.S. Geological Survey. 

In order to maximize participation in this process, I recommend that private companies be 
encouraged to provide their oil/gas or other subsurface geological information to the federally 
sponsored NATCARB databases. These data are necessary to determine the liability protection 
necessary for different sequestration sites. 
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I also recommend federal involvement in developing protocols that provide indemnification at 
a State or federal level for the ultimate fate of the sequestered C02. Such a program could be 
instigated with a formal elassifieation of liability “level,” the value of whieh to be determined by 
the data available to characterize a site and its risks. As mentioned previously, the U.S. 
Department of Energy’s Regional Partnerships are eollaborating with the U.S. Geologieal Survey 
and other entities to draft sueh a elassifieation system. 

Canaeitv and Risk Assessments 

As mentioned above with respect to liability, comprehensive fundamental geologieal data are 
required to evaluate risk and ultimate levels of liability proteetion requirements. These data are 
also neeessary for aeeurate estimates of reservoir CO 2 eapacities throughout the U.S. The U.S. 
Department of Energy’s Regional Partnerships finished an initial assessment of subsurfaee and 
surfaee (terrestrial/vegetation/soil) storage capacity, and will continue updating this assessment 
annually for the eoming deeade. More data are being collected every week, populating a 
national database of geologie sequestration data, also known as “NATCARB.” Loeal, regional 
and national eapaeities are continually being updated, and this work is earried out in 
collaboration with the U.S. Geological Survey and a collective of individual State Geological 
Surveys. The Regional Partnerships and the U.S. Geological Survey are working together at this 
time to identify how the U.S.G.S. can best complement the ongoing Partnerships program. 

Regulatory Uncertainty 

At this time, the regulatory fi-ameworks for carbon capture and sequestration are still 
evolving. The final regulatory regimal will greatly affect the ultimate success of commercial- 
scale carbon sequestration. I list below many niles/regulation topics that possess some 
imcertainty, and provide some suggestions for these: 

1. Agency regulatory authority : I recoimnend that individual states assign 
sequestration regulatory efforts to current oil/gas regulatory agencies at the state 
level. The State oil and gas agencies in many States are currently administering 
C02 injection for EOR through the EPA’s Underground Injection Classification 
program. 

2. Ownership of nore-snace and rights to .sequester : I recommend that individual 
states implement pore-space/rights ownership to be similar to existing oil/gas 
flumeworks (e.g., as an example or template or model). Negotiating pore-space 
ownership and rights to sequester will likely be easier in formations within and 
under oil/gas fields, because such rights in these areas were previously evaluated, 
in general. 

3. Mineral and water rights : I recommend that individual states implement pore- 
space/rights ownership to mimic existing oil/gas fi-ameworks (e.g., as an example 
or template or model). Negotiating mineral and water rights associated with 
sequestration will likely be easier in formations within and under oiEgas fields, 
because such rights in these areas were previously evaluated, in general. 

4. Radius of influence and regulation of injection volumes : I recommend that 
individual states make radius of influence to be similar to existing oil/gas 
fiameworks (e.g., as an example or template or model). 
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5. Need for unitization or eminent domain : I recommend that individual states make 
unitization/eminent domain to be similar to existing oil/gas frameworks (e.g., as 
an example or template or model). 

6. Mechanical integrity of injection wells and legacy wells penetrating sequestration 
reservoir : I recommend that legacy wells and mechanical integrity be regulated 
strictly (more strictly than oil/gas wells), because of the liability and risk 
associated with well breakdowns or failures. 

7. Well injection pressure limitations : I recommend that pressure limitations be at 
most 80% of least principal stress (also known as the “fracture pressure” or 
“fracture gradient”). 

8. C02 Purity limitations and testing : I recommend 90% C02 purity, minimum. 

9. Enhanced oil recovery and sequestration : I recommend individual states 
encourage EOR and optimized/maximized sequestration, as outlined previously in 
this document. 

10. Injection monitoring and reporting : I recommend rigorous monitoring and 
reporting standards, again because of liability and risk. The U.S. Department of 
Energy and its sponsored projects are developing guidelines and standards for 
monitoring and reporting. 

1 1 . Bonding : I recommend that individual states make bonding aspects to be similar 
to existing oil/gas frameworks (e.g., as an example or template or model). 

12. Permitting : EPA has regulatory control, but should preferably delegate 
implementation to individual states agencies that already regulate oil/gas 
production and produced water disposal. 

13. Closure (Dost-iniectionl monitoring and reporting : 1 recommend rigorous/strict 
closure monitoring and reporting (again, to account for liability and risk). The 
U.S. Department of Energy and its sponsored projects are developing guidelines 
and standards for minimum closure monitoring and reporting. 

14. Surface owners rights : I recommend that individual states make surface rights for 
sequestration to be similar to existing oil/gas frameworks (e.g., as an example or 
template or model). 


3. Brief Primer on Carbon Sequestration Concept 

At the moment, 25 field geologic sequestration demonstration tests are being designed and 
scheduled for deployment in the U.S. over the coming 3 years. An additional 20 or so are 
ongoing or slated for deployment soon in other countries. Most of these tests are using different 
technologies, including different engineering designs, different monitoring approaches, different 
risk assessment protocols and different mitigation strategies. And, most of these tests are 
relatively small in scale: small injection rates compared to typical power plant emissions output. 
The uncertainties (error) associated with evaluation and design of large-scale sequestration 
operations are significant. For large-scale geologic sequestration to be deployed and sustainable 
over the long-term, a realistic (field-based) evaluation of uncertainties, and how these 
uncertainties affect risk assessment and mitigation strategies, must be carried out. Additionally, 
the community also needs a meaningful assessment of CO 2 trapping mechanisms and the 
physical and chemical factors that may cause the mechanisms to lose efficacy under realistic 
(field) conditions. 
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The purpose of this brief primer section is to summarize CO 2 sequestration concepts, from the 
macro-scale general operation to micro-scale trapping mechanisms. 

Macro-Scale: Geological CO2 Sequestration 

The general premise of geological COj sequestration is to 

(5) separate CO 2 from power plant flue gases, 

(6) capture that CO 2 in a separate stream, 

(7) compress the CO 2 to elevated pressures to maximize its density, 

(8) inject the CO 2 into subsurface geological formations ranging from 2,500 to 20,000 feet 
depth. 

Target storage reservoirs are porous and permeable rock layers, overlain by low-permeability 
confining layers (Figure 1). Such geologic reservoirs have contained brine, oil and natural gas 
for millennia, and thus using these reservoirs for storing CO 2 is a very viable concept. Target 
reservoirs are commonly classified by what type of fluid they hold, including: 

• Depleted oil and gas fields: Injection of CO 2 into these reservoirs can enhance oil recovery 

(EOR) or gas recovery (EGR); 

• Deep unmineable coal seams: Injection of CO 2 into these reservoirs can enhance gas 

recovery (EGR); 

• Deep saline formations: classified as reservoirs with brine salinities greater than 10,000 

ppm; injection into these reservoirs is preferred by many because the brine is not useable 
for other purposes. 

With a robust confining layer (Figure 1), sequestration duration can be maximized and risk 
minimized. With respect to engineering, such CO 2 injection has been done for decades in many 
areas of the U.S., for enhanced oil recovery. Thus, the engineering and technological details are 
relatively mature. 

Micro-Scale: CO2 Trapping Mechanisms 

In this primer I describe the four primary geologic trapping mechanisms, including 
hydrostratigraphic, residual gas, solubility, and mineral trapping. Potential failure modes of each 
trapping mechanism are outlined, including discussion of how to define uncertainty of these 
failure modes. 

Hydrostratigraphic Trapping 

Hydrostratigraphic trapping refers to trapping of CO 2 by low permeability confining layers 
(Figure 1). This type of trapping is often distinguished by whether the CO 2 is contained by 
stratigraphic and structural traps, e.g., similar to oil and gas reservoirs, called static 
accumulations , or whether it is trapped as a migrating plume in large-scale flow systems, called 
hydrodynamic trapping . In general, CO 2 is trapped in permeable rock units in which the fluid 
flow is constrained by upper and lower less-permeable “barrier” lithologies. Such top and 
bottom seals are often formed by shale or salt units; lateral flow barriers may be due to facies 
changes or to faults. Faults and fractures may affect fluid flow; in some cases faults/fractures 
may be sites for preferential fluid flow, whereas in other eases they may inhibit fluid flow. Deep 
saline units typically have large lateral extents, while oil and gas reservoirs are typically much 
smaller. Although reservoirs may be classified by the nature of trapping mechanism, the 
geologic community tends to distinguish them on the basis of rock type. 
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Figure 1. Sequestration options; ( 1 ) tetrestrial sequestration, including changes in land-use and 
tillage practices that increase carbon-uptake by soils and vegetation, (2) geologic sequestration, 
including injection and storage in deep saline formations, oil/gas reservoirs, and coalbeds, with a 
confining layer above to keep CO 2 in place, and (3) mineralization, which involves converting 
CO 2 to mineral precipitates, such as limestone. Geologic sequestration is the most economic, as 
it provides the greatest capacity' for its cost. Terrestrial provides relatively low capacity, while 
mineralization is prohibitively expensive at this time. Figure provided by the Southwest 
Regional Partnership on Carbon Sequestration (and drafted by the Colorado Geological Survey). 
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Residual Gas Trapping 

At the interface between two different liquid phases (such as CO2 and water), the cohesive 
forces acting on the molecules in either phase are unbalanced. This imbalance exerts tension on 
the interface, causing the interface to contract to as small an area as possible. The importance of 
this interfacial tension in multiphase flow is paramount; the multiphase C02-brine-oil-gas flow 
equations are more sensitive to interfacial tension than many other fluid properties. Interfacial 
tension may trap CO2 in pores, if fluid saturations are low. The threshold at which this occurs is 
called the “irreducible saturation” of CO2, and is a key concept for defining “residual gas 
trapping.” The magnitude of residual CO2 saturation within rock, and thus the amount of CO2 
that can be trapped by this mechanism, is a fimction of the rock's pore network geometry as well 
as fluid properties. Geologic conditions that impact the amount of CO2 trapped as a residual 
phase include petrophysics, burial effects, temperature and pressure gradients, CO2 properties 
(density) under different P-T conditions, and on engineering parameters such as injection 
pressure, induced flow rates, and/or well orientation. 

I view residual gas trapping as a secondary mode of sequestration relative to 
hydrostratigraphic trapping. Under this assumption, CO2 would be injected for the purpose of 
hydrostratigraphic trapping, and residual gas trapping would be an additional process that 
renders the CO2 immobile within hydrostratigraphic traps. Such an assumption has implications 
for evaluating possible failure modes and associated mitigation plans. 

Solubility Trapping 

Perhaps the most fundamental type of trapping is dissolution, or “solubility trapping.” First, 
CO2 dissolves to an aqueous species: 

C02(g) + H20 = H2C0j, (1) 

(relatively slow rates) 

followed by rapid dissociation of carbonic acid producing bicarbonate and carbonate ions while 
lowering pH, or 

HjCOj = H+ + HCO3- ( 2 a) 

(relatively fast rate) 

HC 03 - = H+ + C03--. (2b) 

(relatively fast rate) 

This leads to a series of additional reactions and “mineral trapping,” discussed in the next 
section. The amount of sequestration possible through solubility trapping is very limited per unit 
mass of water, as groundwater (brine) can only dissolve up to a few mol% or less, depending on 
pressure (P), temperature (T), and salinity. Over large volumes of reservoir, solubility trapping 
may provide a significant amount of storage. 

Mineral Trapping 

“Mineral trapping” refers to the process of CO2 reacting with divalent cations to form mineral 
precipitates in the subsurface. The reactions, especially reaction rates and associated processes 
that affect rates (e.g., complexation, pH buffering, etc.) are complicated and make estimates of 
CO2 storage capacity difficult. However, mineral trapping is assumed to be a relatively safe 
mechanism that may sequester CO2 for millions of years. 

While mineral trapping may not be permanent, it can certainly render CCb immobile for very 
long time scales. The main source of uncertainty associated with mineral trapping are associated 
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with the kinetic rate coefficients and reaction specific surface areas of minerals for the many 
homogeneous and heterogeneous reactions. 

Potential Failure Modes 

Hydrostratigraphic Trapping Failure Modes 

All CO 2 trapping mechanisms have several failure modes. Critical objectives are to ascertain 
the physical and chemical processes of each failure mode and to minimize uncertainties in the 
characterization, and potential range of response, of those processes under sequestration 
conditions. Major failure modes for hydrostratigraphic trapping include: 

(1) unintended migration by pre-existing but unidentified faults, fractures, or other fast-flow 
paths (e.g.. Figure 1), 

(2) unintended migration by stress-induced or reactivated fractures or faults, 

(3) unintended migration by reaction-induced breaching of a seal layer 

(4) unintended lateral flow to unintended areas, 

(5) catastrophic events (e.g., unexpected earthquakes, etc.), 

(6) wellbore failure events. 

One approach to mitigating several of these failure modes is to select a storage site with multiple 
alternating seals and reservoirs above the primary (intended) reservoir, sometimes described as 
stacked reservoirs. However, even when stacked reservoirs are present, other measures must be 
taken to minimize risk of failure. 

I view hydrostratigraphic trapping as the primary mechanism of CO 2 storage in subsurface 
geologic reservoirs. I suggest that the other trapping mechanisms, including residual gas 
trapping, solubility trapping, and mineral trapping, are specifie modes of CO 2 storage within 
hydrostratigraphic traps. As such, the failure mechanisms for hydrostratigraphic trapping are of 
primary importance. I suggest that risk mitigation programs should make quantification of 
probabilities for hydrostratigraphic trapping failure modes a priority. However, under conditions 
of a failed hydrostratigraphic trap, I presume that leakage from an intended reservoir may lead to 
CO 2 movement into secondary hydrostratigraphic traps above the target reservoir/seal (e.g., 
stacked reservoirs), for example; in this case, residual gas trapping, solubility trapping, and 
mineral trapping all become mechanisms for helping to keep the CO 2 in place in the secondary 
reservoir. Additionally, if secondary reservoirs have no seal or hydrostratigraphic trap (in a strict 
sense), these other trapping mechanisms may provide an important overall damping of the flux 
of CO 2 back to the surface. Thus, although hydrostratigraphic trapping is priority, the other 
trapping mechanisms are still very important and uncertainty associated with each must be 
addressed. 

Residual Gas Trapping Failure Modes 

The primary failure mode for residual gas trapping is loss of capillary forces (surface tension) 
of the pore matrix. Such loss would be due to any process that changes the pore geometry or size 
or changes the interfacial tension, including compaction, dissolution or precipitation of cements 
in or around pores, or changing fluid composition. All of these processes require relatively long 
periods of time, and thus I suggest that risk is low for any of these to occur within timeframes of 
interest. Additionally, if these processes do occur, the most likely effect will be for CO 2 to 
dissolve into surrounding brine or to transition to free phase CO 2 . At that point, the CO 2 is 
subject to the same set of trapping mechanisms for hydrostratigraphic trapping (recall that I 
assume the primary goal is hydrostratigraphic trapping, with residual gas trapping as a means of 
rendering CO 2 immobile within hydrostratigraphic traps). 
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Significant (large) changes in fluid pressure or temperature throughout the rock unit may 
change the fluid properties enough to reduce surface tension as well, although this is less likely 
to occur (low risk), or at the least is easier to monitor. 

Solubility Trapping Failure Modes 

The primary failure mode for solubility trapping is exsolution, which would only occur under 
significant (large) changes in pressure or temperature. As suggested above, the risk of major 
changes in pressure or temperature in a deep reservoir is very low, and monitoring for such 
changes over time is straightforward. Much like with residual gas trapping, I assume that the 
primary intended storage mechanism for geologic sequestration will be hydrostratigraphic 
trapping, with solubility trapping as one mode of storage within hydrostratigraphie traps. 
Following failure of solubility trapping, the CO 2 is still subject to the failure modes discussed 
under hydrostratigraphie trapping. 

Mineral Trapping Failure Modes 

The primary failure mode for mineral trapping is dissolution of the carbonate minerals that 
trapped CO 2 . This is always a possibility, but much like for exsolution, this would take a great 
amount of time, and the surrounding brine would need to provide eonditions that promote 
dissolution (e.g., low pH plus undersaturated with respect to bicarbonate for earbonate reaetions). 
By monitoring the P-T and fluid composition through time, the status of mineral trapping and 
failure (dissolution and release of CO 2 ) can be easily monitored. 

Mueh like with solubility trapping and residual gas trapping, 1 assume that the primary 
intended storage mechanism for geologic sequestration will be hydrostratigraphic trapping. 
Mineral trapping is therefore viewed as a means of rendering CO 2 immobile within 
hydrostratigraphic traps. Following failure of mineral trapping (dissolution and release of CO 2 ), 
the CO 2 is still subject to the failure modes discussed for hydrostratigraphic trapping. 

Approach for Quantifying Uncertainty of Trapping Mechanisms and Failure Modes 

I suggest an approach that includes three key components: (1) comprehensive integration of 
previous and ongoing basic research, (2) comprehensive assessment of previous and ongoing 
field demonstrations, and (3) a program of new laboratory and large-scale field testing. All three 
components are important for identifying gaps in the current state-of-the-art, for defining and 
calibrating appropriate phenomenological models, and for quantifying uncertainty of trapping 
failure modes. The U.S. Department of Energy through its Regional Partnerships program is 
carrying out several commercial-scale (1 million tons/year, the scale of a typical power plant’s 
emissions) sequestration deployment demonstrations in the coming decade, with two or three of 
these to begin in 2008. 

Quantitative assessment of geologic uncertainty is critical to success of sequestration. In the 
oil industry, several different approaches have been used to obtain probability distribution 
funetions (PDFs) of desired parameters, such as hydrocarbons in place, recovery factors, etc. In 
CO 2 sequestration the community will employ such approaches for many facets of sequestration, 
for example, determiniation of critical fault properties that could lead to hydrostratigraphic 
trapping failure or to thickness variations of the seal that could lead to seal breach. High 
resolution data are needed for this effort. 
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statement of Senator Craig Thomas, Ranking Member 
Subcommittee on Energy, Natural Resources, and Infrastructure 
Hearing on “Coal: A Clean Future” 

April 26, 2007 

First I’d like to thank all our witnesses for being here today. I look forward to your 
comments. 1 especially want to welcome Steve Waddington, Executive Director of the 
Wyoming Infrastructure Authority. 

We are in an environment now where many are concerned about the prospect of global 
climate change, we are faced with finite fossil fuel resources, and many are focused on 
alternative energy sources. I understand and agree with the goals of a clean environment and 
development of alternative energy sources. However, 1 am also frustrated by the lack of 
recognition that, while renewable resources are likely to play a greater role in our future, fossil 
fuels are our present. 

This is a very important point. Many of the renewable technologies are not ready for mass 
deployment to meet our country’s current and growing energy needs. Coal, by contrast, already 
provides more than 50 percent of our country’s electricity. 

Frankly, coal gets a bad rap. Recently there was a full-page ad in a number of publications 
proclaiming “Coal is Filthy.” This message merely reinforces the myth that using coal 
necessarily belches tons of harmful pollutants into the environment. In fact, technologies are 
well-developed to make coal not only very clean, but extremely versatile. These days we can 
bum coal cleanly to produce electricity; we can gasify it; we can liquefy it into diesel; we can 
even turn it into plastic or ethanol. A number of these technologies are in use already and 
commercially available. 

I am also concerned that carbon dioxide emissions have become the standard by which 
environmental performance is judged. As humans, every time we breathe we emit carbon 
dioxide. Our livestock alone is responsible for 18 percent of greenhouse gas emissions. I’ve 
suggested that we take a more balanced approach toward how we view “pollution,” its causes, 
and responsible ways to address it. 

We’re going to hear a lot today about CO 2 capture and sequestration. I would like to 
emphasize, however, that CO 2 is only a small part of the issue we have before us. In discussing 
the perceived threat of climate change and attempting to address it, we must not lose sight of 
options to improve the use of a reliable domestic resource like coal. 1 would like to remind my 
colleagues here today of the economic and tax revenue benefits associated with advancing these 
value-added coal conversion activities. 

In Wyoming, we produce a lot of coal - 36 percent of the amount needed to keep the lights on 
in the United States. We shovel that coal, and we ship it all across the country. Mining coal has 
been a tremendous economic benefit to my home state of Wyoming, but I believe we can do 
better. 

There is a real opportunity to develop a more value-added industry, using that coal resource as 
a feedstock. It is important that we identify and move forward with ways to improve the 
environmental performance of coal. I hope to hear from the witnesses today about these 
opportunities. 

The purpose of today’s hearing is to explore our opportunities with coal and how well tax 
incentives currently in place are working to encourage clean coal development and deployment. 

I am hopeful that today’s hearing will be instructive as to the costs and benefits of the various 
clean coal technologies and their relevance to our future energy policy. 
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Summary 

Coal, an abundant and cost-effective energy source when used to generate power, is a major 
contributor of greenhouse gas emissions in the United States due to the release of carbon 
dioxide. It is forecasted that between 100 and 150 new coal plants may be built in the US 
over the next ten years in order to meet the growing electric power demand, thereby 
significantly increasing the release of greenhouse gases. Carbon dioxide emissions from 
these new coal-based plants could be reduced or eliminated by constructing power generation 
capable of producing higher-purity carbon dioxide emissions that can be separated and 
captured and made ready for transportation to geologic sequestration. Technology for 
retrofitting existing coal-based power generation to separate and capture carbon dioxide is 
being developed and tested. However, carbon dioxide separation, capture, and storage (CCS) 
technology for new and existing coal-based power generation is presently expensive and, in 
some cases, untested. While CCS in geologic sequestration appears to be a major part of the 
answer to managing US greenhouse gas emissions, bridging the gap between the present and 
expected emissions of carbon dioxide in power generation and the eventual development of a 
more cost-effective carbon dioxide separation and capture technology is a significant 
problem. Recent estimates of this gap suggest it may be as long as 40 years. 

Our company does not see the gap to be as uneconomic as has often been suggested. Nor do 
we expect the gap to be as wide as many suggest, due to a combination of existing and 
expected CCS technology, existing and exjjected transportation and storage assets, and 
related economic drivers which support the current development of regional CCS 
infrastructure. However, legislated financial incentives and regulatory relief could hasten the 
bridging of the remaining gap and accelerate the carbon dioxide infrastructure needed to 
effectively manage the growth of carbon dioxide emissions in the next 20 years. 
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Testimony of William L. Townsend 
CEO, the Bine Source Companies 

Mr. Chairman and Members of the Committee, thank you for the opportunity to 
testify today on the subject of carbon capture and storage (CCS) as it relates to clean 
energy from coal and on the topic of potential incentives related to accelerating the 
development of a carbon dioxide infrastructure that supports CCS. My name is Bill 
Townsend. I am the Chief Executive Officer of the Blue Source companies (Blue Source 
or Company). I will offer some background on our companies that will describe our 
unique knowledge of CCS and carbon trading in the US and offer some commercial and 
structural observations that 1 hope will apply to the development of any incentive 
program Congress might consider for CCS and clean energy from coal. 

Unique Experience in CCS Infrastructure Development and Carbon Trading 

Blue Source operates at the intersection of the energy and climate change industries. Our 
companies have significant knowledge and experience in developing anthropogenic 
(man-made) carbon dioxide (C02) pipeline systems for geologic sequestration. Blue 
Source and its management team are in the unique position of having developed, 
designed, constmcted, operated, and/or owned in one form or another all of the 
commercially developed, anthropogenic C02-sourced pipelines for enhanced oil 
recovery (EOR) in North America during the last 20 years. These pipeline systems 
include the Val Verde Pipeline in West Texas, the North Cross Pipeline in West Texas, 
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the Anadarko Pipeline in Wyoming, the La Veta Pipeline in Colorado, and the Dakota 
Gasification Pipeline in North Dakota. Collectively, these pipelines gather approximately 
340 million cubic feet per day (MMCFD) (or 6.8 million tonnes [Mt] per year) of 
industrial vent stack-sourced C02, and they deliver the C02 for geologic sequestration in 
EOR operations in Canada, Wyoming, Texas, and New Mexico. 

In addition to developing anthropogenic C02 pipelines from industrial C02 sources, 
Blue Source is the leading portfolio of greenhouse gas (ghg) emission reduction offsets in 
North America. The Company has on public registries throughout North America 
approximately 45 Mt of verified ghg emission reductions (ghg VERs) sourced from 
eleven different project types, which include, among others, transportation and logistics, 
fly ash substitution, geologic sequestration, methane avoidance and destruction, and 
energy conservation. In the case of geologic sequestration. Blue Source has led in the 
development of carbon market protocols and sold approximately 9 Mt of ghg VERs from 
its geologic sequestration projects to purchasers of the emission reduction offsets in both 
Canada and the US. The combination of our experience in developing anthropogenic 
C02 CCS projects and marketing and selling ghg VERs from geologic sequestration, 
gives our company a unique view of the expected development of a US carbon dioxide 
infrastructure based on clean energy from coal. 

Today, Blue Source is in various stages of evaluating and developing 13 different 
anthropogenic C02 pipeline projects in North America, where the Company hopes to 
finance the separation, capture, transportation, and/or sequestration of approximately 
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1,400 MMCFD of C02 (28 Mt per year), investing potentially $ 445 million over the 
next seven years. In order to finance this size construction potential, in late 2006 the 
Company partnered with a large private equity firm, First Reserve Coiporation, to secure 
an investment pool dedicated to the carbon infrastructure development in the US. The 
chart in this text is one example of the Company’s project screening tools which enables 
a quick analysis of a C02 
vent stack project’s likely 
successful outcome. The 
chart is the practical 
representation of over 20 
project feasibility variables, 
including gas and crude oil 
prices, steel and rights-of-way costs, construction cost rules-of-thumb, C02 injection and 
reservoir characteristics, C02 pipeline hydraulics, and other variables we have found to 
be significant determinants. 

Over the past ten years. Blue Source and its affiliate companies have evaluated close to 
100 vent stack-sourced C02 projects in North America. The majority of these projects 
have had as their C02 sources natural gas treating plants, fertilizer facilities, ethanol 
plants, and crude oil refineries. Only two IGCC power generation facilities and two coal- 
to-liquid facilities, all currently prospective projects, have been evaluated. While we are 
seeing more coal gasification projects on the horizon, we have not seen the necessary 
attention being given by the project developers (both public and private companies) to 
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developing the carbon dioxide transportation systems and geologic sequestration sinks for 
the projects to go forward to completion. The primary reason only 5% of the projects we 
have evaluated during the last ten years have gone to the construction phase is because, 
even with EOR economics (oil-related revenues), the projects typically still yield a lower- 
than-acceptable investment return, though higher crude oil prices in recent years have 
certainly helped, A case in point is our La Veta C02 Pipeline, which, for the last five 
years, did not have sound economics for construction; but with the recent improvements 
in crude oil values, it was finally constructed in 2006 and is expected to begin flowing 
C02 around June 1, 2007. (It has been venting C02 to the atmosphere.) If Blue Source 
could have found additional financial incentives as small as $0.60 per MCF ($ 10/tonne of 
C02), the Company would have probably constructed another fifteen projects with new 
carbon infrastructure of about 400 miles. 

Carbon Dioxide Regulatory and Industry Observations 

From our operating history and knowledge of CCS, we have a view of how to bridge the 
gap between 1) the current and expected C02 capture and storage technology and 2) 
current and expected sources of vent stack C02 from power generation and other 
industries. There are four areas on which to focus: C02 sources, C02 transportation, 
C02 sinks, and the timing associated with their interplay. We believe the answer to 
managing the gap is a “step process”: 

Step 1 - Over the next five years, direct incentives and regulatory influence to 
accelerate the capture and storage of C02 from non-power generation industries, 
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where C02 capture costs are significantly lower (than power generation), which 
would: 

a) accelerate the build-out of a carbon transportation and capture infrastructure 
today and for later use; and, 

b) capture incremental vent stack sources, thus lowering our carbon footprint. 

Step 2 - Over the next five to ten years, direct incentives and regulatory efforts 

toward the infrastructure build-out that would carry C02 sourced from the power 
generation industries as the cost of separation and capture is reduced. 

Step 3 - Immediately direct regulatory efforts at barriers to developing CCS 
infi'astructure, including, but not limited to: 

a) CCS approval as a qualified emission reduction activity for carbon trading 
(including CCS with EOR, which is the lowest-cost infrastructure huild-out 
and which decreases energy imports), thereby creating an additional revenue 
source to build out infrastructure; 

b) eliminating the risk that C02 will be classified as a waste product by a 
government agency, which would inevitably cause a loss of interest in CCS by 
the energy industry and materially slow the infrastructure build-out; and, 

c) emphasizing existing state regulations on underground C02 management 
instead of adding potential new and burdensome federal regulations. 

It is clear that the long-term geologic sequestration answer to single-point, industrial C02 
emissions capture and storage is in saline aquifers, not EOR projects. That being said, 
there is a very strong, cost-effective interim answer for the next ten years that employs 
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the oil-based revenues in EOR to subsidize the infrastructure build-out and prepare the 
foundation of a carbon highway for the next generation of cost-effective CCS in power 
generation. 

Accelerating CCS Infrastructure for Non-Power Generation C02 Sources 

Today, there exist about 3500 miles of C02 pipelines in North America that transport 
C02 to EOR sinks that were built on the back of oil revenues. Today, these C02 
pipelines carry both underground and vent staek-sourced C02. These same pipelines, 
when incentivized to carry additional volumes of anthropogenic C02, will expand the 
backbone structure of a carbon highway in the US. Expanding these pipelines with 
assistance from oil-based revenue is the most cost-effective means for any infrastructure 
growth. Incentives should be aimed at anthropogenic C02, regardless of processing 
source, allowing the marketplace to secure the most cost-effective source that adds new 
pipelines connects to new EOR sinks. We estimate that an additional 2000 miles of 
anthropogenic C02 pipelines could be developed over the next five to seven years in the 
US by providing $10 per metric torme (approximately $0.60 per MCE) incentives, so 
long as crude oil values stay above $50 per barrel. 

Accelerating CCS Infrastructure for Power Generation C02 Sources 

There appear to be several opportunities for new construction with IQCC and super- 
amine type retrofits that would combine the resulting C02 separation and capture with 
EOR projects. We estimate that incentives necessary to see these types of CCS projects 
develop are in the range of $20 per metric tonne (approximately $1 .20 per MCE) and that 
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such projects would contribute materially to carbon infrastructure build-out. We estimate 
that these project types, when subsidized by oil-based revenue from EOR projects, would 
add about 2500 miles of C02 infrastructure over a period of about ten years. 

Accelerating Carbon Market Acceptance and Reducing Regulatory Barriers 

Blue Source has sold approximately 9 million tormes of ghg VERs from geologic 
sequestration in EOR projects during the last seven years. With the exception of one sale 
totaling 100,000 tormes, we believe we have sold all the ghg VERs from EOR 
sequestration ever sold. During this time, we have heard just about every reason why 
CCS-based offsets should or should not be included in a carbon offset trading program. 
Without repeating each pro and con argument here, it appears, fortunately, that markets 
and regulators are very slowly moving toward an acceptance of these types of emission 
reductions (whether captured in EOR or in non-EOR projects) once appropriate 
verification and monitoring structures are in place. Accelerating the market acceptance 
of the fact that CCS is a valid ghg emission reduction is a direct benefit to the further 
development of C02 infrastructure. Regardless of the existing lower carbon market 
values in the US and the lack of a formalized federal trading structure, the voluntary ghg 
trading markets that have been active for the last ten years do find value in US-based 
geologic sequestration of C02 in EOR offsets. Congress’s citing geologic sequestration 
(with or without EOR) as an official part of its plan to manage the country’s carbon 
footprint would send clear signals to the voluntary and evolving state regulatory markets 
that value needs to be given to transactions of this type. In a pre-federal, pre-state 
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marketplace, this will not place value so much in the price of a CCS offset as much as it 
will encourage investors to place more risk capital into this particular project type. 

There has been a great deal of discussion about whether or not C02 should be viewed as 
a waste product, along with related management and control regulations, and whether it 
should be regulated at the state or federal level. To the energy industry, this translates 
into a completely different risk profile when injecting C02 into EOR or saline aquifers. 
Today, approximately 2.5 billion cubic feet per day of C02 is injected into the ground for 
EOR in this country in the Gulf Coast, the Southwest, and the Rockies. In the last 20 
years, a total of approximately 1 1 TCP of C02 have been injected into the ground for 
EOR. To our knowledge, not one single person has been killed as a result of the storage 
of C02 in this manner, nor have there been material disruptions in geologic substructure 
economies. New significant regulatory oversight of an activity that has been conducted 
safely under existing state regulations for several years would present significant risks of 
cost increases, delays in capture and sequestration, and exits from the marketplace of 
qualified players who will elect not to deal in a waste management industry. 

Conclusions 

We agree that the best long-term answers for CCS in the US involve accessing saline 
aquifers, developing cost-effective separation and capture technologies for existing and 
new power generation facilities, and providing for regulatory and economic structures 
that aid the development of the first two items. The big issue is the time it takes to 
achieve the best long-term answer. The gap between 1) proven and cost-effective C02 
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separation and CCS technology, and 2) the present and expected C02 emissions, is 
estimated to he over 20 years. That being said, we believe there are very meaningful 
steps that can be taken today and over the next ten years that will bridge the gap 
significantly earlier than currently estimated - steps that materially lower the cost of CCS 
and that accelerate the benefits of reaching the very best long-term answers. The gap will 
be bridged in much the same manner as those 3500 miles of existing C02 infrastructure 
were developed: by relying on oil-related revenues. But the process will be accelerated 
by applying regulatory incentives and forces. 
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United States Senate 
Committee on Finance 

Subcommittee on Energy, Natural Resources and Infrastructure 

Coal: A Clean Future 

April 26, 2007 Hearing 

215 Dirksen Senate Office Building 
Washington, D.C. 

Testimony by 

Steve Waddington, Executive Director 
Wyoming Infrastructure Authority 

Mr. Chairman and Members of the Subcommittee, thank you for inviting me to 
appear before you today. My name is Steve Waddington. I am the Executive Director of 
the Wyoming Infrastructure Authority (WIA). The WIA is an instrumentality of the state 
of Wyoming. Our mission is to diversify and expand the state's economy through 
improvements in the electric transmission grid, and to stimulate the development of 
advanced coal technologies for electricity production. 

The WIA was formed in 2004 by the Wyoming State Legislature. The Legislature 
provides the WIA with bonding ability and other powers, to promote transmission and 
advanced generation development in the state and throughout the region. The WIA 
participates in planning, financing, constructing, developing, acquiring, maintaining and 
operating electric transmission facilities and their supporting infrastructure. In 2006, the 
Legislature expanded the WIA responsibilities to also promote advanced coal generation 
technologies. 

Introduction - Two Intertwined First Premises 


My testimony today on Coal: A Clean Future is based upon two equally 
important premises. The first premise is that the United States and other governments 
will take action to restrict the emission of CO 2 and other greenhouse gases. The second 
premise is that coal will continue to play an indispensable role as a primary source of 
energy to fuel the economy in the United States and around the world. These two 
premises are intertwined. Governments and industry must continue to work together to 
confront the essential challenge of how to continue to use coal to meet energy needs 
while at the same time mitigating carbon emissions in a cost effective manner. Those 
who say coal should not continue to be used in a carbon constrained world are wrong or 
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misinformed, as emerging technologies will allow coal to be used to produce clean 
energy. 

New Coal Technologies - The Federal Government’s Vital Role 

The federal government has a cmcially important and large role to play to support 
the commercial-scale demonstration of advanced coal technologies that capture CO 2 . 

The proper role of the federal government should be to prime the pump for commercial 
scale demonstrations. These commercial demonstrations should be at a utility scale (250- 
500 megawatt) and should employ a variety of clean coal technologies. By providing 
significant financial support to catalyze the investment in emerging clean coal 
technologies, the federal government will be partnering with the private sector to bring 
these technologies to the market place. 

These clean coal technologies are, by definition, more expensive and 
technologically risky, compared to conventional coal-fired power plants. As commercial 
demonstration of these technologies prove successful and a new vintage of clean coal 
technologies emerge, costs and risks will be reduced and the further need for federal 
support will diminish. This approach to research and commercial demonstration is not 
new; in fact, the federal government has played this role for a wide array of technology 
advancements in the past. In light of the need to address CO 2 emissions, there was never 
a greater need for federal help to spur clean coal technology deployment than today. 

Last week, the Wyoming Authority announced a partnership with a major electric 
utility - PacifiCorp - to develop an integrated gasification combined cycle (IGCC) 
commercial demonstration power plant. This will be the first IGCC plant designed and 
built to use lower-rank western coals at altitudes above 4,000 feet. This groundbreaking 
project will include both the capture and sequestration of CO 2 and will operate on a long- 
term commercial basis. 

The proposed facility is planned for PacifiCorp’s Jim Bridger Plant complex near 
Point of Rocks, Wyoming. The Bridger site is an existing generating site with four 
operating coal units. The new 500-megawatt demonstration plant will be designed to 
utilize Wyoming Powder River Basin coal and other western coals and will meet the 
other objectives described in Section 413 of the Energy Policy Act to demonstrate IGCC 
technology at altitudes above 4,000 feet on a commercial scale. The plant is being 
designed to capture CO 2 that will be sequestered in either a geological formation, or in an 
enhanced oil recovery environment. 

The WIA and PacifiCorp are now seeking significant federal financial support, 
including appropriations under the provision of the 2005 Energy Policy Act that 
authorized a western state coal gasification commercial demonstration power plant. An 
initial appropriation for Fiscal Year 2008 of S50 million is being sought to begin funding 
this project. Additional requests for appropriations will be made in subsequent years to 
co-fund the build out of the project. In total, the project is requesting federal 
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appropriations totaling $500 million. The total capital cost of the project is expected to 
be well over $2 billion. 

Adequate federal funding support for the Wyoming Section 413 demonstration 
plant is but a small step in what is needed to support a clean coal technology program. 
While IGCC is today a leading candidate for electricity production with CO 2 capture, it is 
critically important to demonstrate alternative coal combustion and conversion 
technologies that include CO 2 capture capability. Federal R&D support in this area is 
crucial. In this emerging technology arena, it is premature to consider IGCC as the 
exclusive technology winner. Other promising technologies under development deserve 
federal support, such as ultra-super critical oxygen fired coal combustion, and CO 2 
separation methods other than gasification. 

S equestration - A Key Enabler 

The sequestration of carbon will be a key enabling technology for coal to continue 
to contribute to the world’s energy needs. Today, CO 2 is injected into older oil fields for 
purposes of enhanced oil recovery. However, sequestration in large-scale geological 
formations is untested on a commercial level. It is vital that federal R&D in this area 
continue and it must be accelerated to allow for a better understanding of how CO 2 reacts 
in various geological environments. Large-scale injections of CO 2 in a variety of 
geologic formations are required, to characterize the geology and better understand how 
CO 2 interacts in these storage media. 

Here again, federal RD&D support is vitally important. CO 2 geologic 
sequestration demonstrations are costly. The recent MIT report entitled The Future of 
Coal suggests that the federal government should immediately fund large-scale 
commercial demonstration projects to test carbon injection under pressure in various 
geologic media. MIT suggests such tests should be at levels in excess of one million tons 
per test. Such a commercial-scale effort will certainly cost many millions of dollars, but 
it is essential that these tests begin now. The Department of Energy through its Regional 
CO 2 Partnerships (which involves many universities around the country), are engaged in 
this important work. 

Mr. Chairman, your home state of New Mexico is leading the Southwest Regional 
Partnership for Carbon Sequestration. That effort is being run by the New Mexico 
Institute of Mining and Technology. The DOE has contributed SI. 6 Million to CO 2 
sequestration efforts in that region. 

Chairman Baucus’ state of Montana is leading the Big Sky Carbon Sequestration 
Partnership, which is being run by Montana State University. The DOE has contributed 
almost $1.6 Million to that effort. The University of Wyoming is part of both of these 
regional partnership collaborations. Unfortunately, these regional partnership efforts 
need much more help from the federal government, if we are to move to a world of 
sequestering CO 2 in geologic formations. The pace and overall effort on CO 2 
sequestration must be accelerated. 
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There will also be a necessary federal role in indemnifying companies for long- 
term sequestration liability risks. Liability after injection presents unique challenges due 
to the scale and permanent duration of the sequestration. A federal back-stop for very 
long-term and catastrophic liability will likely be required. This layering of 
commercially available insurances with a federal back-stop is a framework that has 
worked in the nuclear industry via the Price-Anderson Act. At a minimum, some form of 
limited liability protection should be considered to shield those who sequester CO 2 . 

Congress should also consider tax incentives to encourage the private sector to 
develop and to deploy CO 2 capture technologies that include sequestration. For example, 
a volumetric tax credit for CO 2 that is permanently stored in a geologic formation, or 
used in either an enhanced oil or gas recovery environment, could be a significant 
market-moving incentive. Such a CO 2 tax credit for sequestration could be stmctured 
similarly to the Production Tax Credit Congress has provided to induce the development 
of renewable sources of energy. 

As an example, to reduce the costs of developing commercial-scale IGCC 
technology, why not provide a CO 2 sequestration tax credit to the developers of the first 
6-9 commercial scale clean coal demonstration projects? This form of federal support 
would serve to lower the significant cost differential of an IGCC project with CO 2 
capture, versus the cost of a traditional pulverized coal power plant without CO 2 capture. 

Mr. Chairman, I would recommend a tax-credit on the order of S20 per ton for 
CO 2 that is sequestered permanently in a geological formation and $10 per ton if the CO 2 
is used in an enhanced oil or natural gas recovery effort. For a 400-megawatt coal fired 
plant sequestering CO 2 at 80%, this CO 2 tax credit would yield a federal incentive of 
approximately $.017 per kilowatt hour. Today, wind, solar and geothermal renewable 
resources receive a production tax credit of $.019 per kilowatt hour. 

Mr. Chairman, to develop a clean coal technology program, we will need more 
than appropriations from the federal government. We will also need creativity to support 
CO 2 capture and sequestration and 1 can think of no better way to do so than through the 
tax code. Congress has used the tax code to help the energy industry develop the 
resources our nation needs to compete in the global market place. Why not use the tax 
code to help propel a clean coal technology program that will allow us to utilize our most 
abundant domestic energy resource, coal, in an improved environmental manner 
consistent with the emission performance requirements likely to be put in place in a 
carbon-constrained world? The genius of American technology development will yield 
the results we need with proper and focused incentives that share the risk of 
commercialization. 

Transmission Investment Requirements 

Adequate transmission infrastructure will also be vital for a clean future using 
coal. This is especially true in the west, where coal plants can be located at or near mine- 
mouth, producing electricity that is shipped by wire to load centers. One of the 
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significant advantages of mine-mouth coal plants in the future will be that in many cases, 
these facilities are likely to be proximate to prime sequestration opportunities. 

The institutional impediments to adequate transmission investment go beyond the 
scope of this hearing. Suffice it to say that many western states recognize this as a 
profound problem and are taking proactive measures to address these issues. 

In 2004, Wyoming created the Infrastructure Authority, providing the WIA with 
valuable tools to catalyze transmission investment, including SI billion in bonding 
capacity. Today, five additional Western states have joined Wyoming - including most 
recently, Mr. Chainnan, New Mexico - and at least three additional states are actively 
considering creating state transmission financing authorities. 



Figure One — States with transmission financing authorities are depicted in green, 
states actively considering legislation are depicted in yellow. 

These western states want to invest in transmission to facilitate energy resource 
development. Yet under current IRS rales, the bonds of these state entities are not 
exempt from federal tax. I .strongly advocate that this subcommittee consider legislation 
to relax the so-called private use restriction and allow state transmission financing 
entities to issue bonds for interstate transmission infrastracture development that is not 
subject to federal tax. This will help to empower states that are trying to make a 
difference, provide an incentive for needed transmission investment, and ultimately lower 
costs to end-consumers. 

If these state infrastracture authorities were allowed to finance projects using tax- 
exempt financing, the cost of capital savings of 100 to 150 basis points would 
significantly reduce the costs of transmission lines to consumers. Today, only 
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government owned utilities can use tax-exempt financing. Congress should expand the 
availability of tax-exempt bonding by making it available to state transmission financing 
entities that are issuing revenue bonds to finance interstate electric transmission facilities 
with voltages of at least 230 kV. 

In Conclusion 


There is a clean energy future with coal continuing to play an indispensable role 
as a source of fuel for electricity and other uses. There is a vital role for the federal 
government to provide matching funds and R&D to support the emergence of advanced 
coal technologies. Funds to support a Wyoming IGCC plant with CO 2 capture and 
sequestration under Section 413 of the Energy Policy Act is essential to this commercial 
demonstration in the West. Much more is needed to support other coal conversion 
technologies that allow for CO 2 capture. Sequestration will be the key enabling 
technology and federal support in a variety of ways will be critical to prove large-scale 
geologic sequestration. Adequate transmission investments will also be key to a clean 
future using coal and expanded renewable energy like wind and solar. Congress should 
enact legislation to empower state financing entities to invest in needed transmission 
infrastructure with tax-exempt bonds. 

Mr. Chairman, it is essential that Congress consider the costs associated with 
addressing climate change. Significant funding support from the federal government is 
vital for both clean coal commercialization and CO 2 sequestration activities. Congress 
needs to examine and enact appropriate tax credit support to lower risks and to jump start 
CO 2 sequestration. These efforts will be costly and a partnership between the private 
sector and the federal government will be vitally important. 

Mr. Chairman, thank you again for the opportunity to testify today. I would be 
pleased to answer any questions that you or your colleagues may have. 
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(202) 966-7678 

26 April 2007 

Honorable JefifBingaman, Chair 

Subcommittee on Energy, Natural Resources, and Infrastructure 
Committee on Finance 
United States Senate 

Re: Deployment incentives for CCS commercialization 
Dear Chairman Biagaman: 

Thank you for holding today’s hearing on Coal: A Clean Future. I write as a private 
citizen, from perspectives of public service in energy and environmental policy makii^, * 
to support a new recommendation of the National Commission on Energy Policy: ^ 

Direct greater resources toward accelerating the commercialization of 
carbon capture and storage (CCS) by providing substantial deployment 
incentives. Specifically, the Commission beiieves CCS projects should 
be eligible for bonus allowances under a greenhouse gas trading 
program that are at least equal in value to incentives provided under the 
renewable energy production tax credit. 

Attached is a proposal for just such a deployment incentive in the form of a $ 1 per Mcf 
(or about $19 per metric tonne) of CO 2 captured and pl^ed into long-term storage - 
mcltidmg, but not limited to, CO 2 enhanced oil recovery (EOR). 

The National (2oal Council spelled out in 2006 ^ why CO 2 -EOR must fit, seamlessly, into 
any serious CCS program as the first, critical step - a virtual open sesame — to geologic 
storage. Indeed, CO 2 -EOR “is the logical vehicle to build out infrastructure for non-EOR 
CCS.” ^ And CO 2 -EOR contributes to energy security: 

• Five percent of our domestic production (250,000 barrels of oil per day, mainly in 
New Mexico and Texas) - displacing an equal amount of imports - while stashing 
away 10 million metric tons of CO 2 a year. 

• Congress should aim fora lO-fold increase. But CO 2 is in short supply 


’ R^red member, Arent Fox LLP. Administrator, Economic Regulatory Administration of U.S. DOE 
(1977-79). Deputy Administrate, Federal Energy Administration (1977). Commissioner, NJ Department 
of Environmental Protection (1974-77). 

^ httpy/www.OTergycommission.OTg/site/page.php?index 

^ Coal: America’s Energy Future, \q\. l,ch. 6. http://nationalcoalcouncil.OTg/rq)ort/NCCReport Voll.pdf 
■* Bardin, D. J. Injecting Carbon Dioxide into the Rocks: Prospects and Policies for Enhancing Recoverable 
Petroleum Resources and Venting Less CO 2 to the Atmosphere, presented at 10*^ Cairo International 
Conference on Energy and Envireiment [CairoEElO] (March 2007). Copy lodged with the Committee. 


(235) 



236 


• New incentives are needed to bring more anthropogenic CO 2 onto the market. 

• Congress can be proud of its past rote in putting the USA at the forefiont of 
worldwide CO 2 -EOR. This Committee worked on strengthenii^ and targeting 
iiKentives during the last Congress, ^ but its proposal was not enacted. Now you 
have an excellent opportunity to review the issues in the cunent contexts and 
select and enact a strong, effective incentives package. 

• Our country needs sustained efforts to achieve results over many years. 

• During the 1 0-year scoring period, most stored CO 2 will go into EOR projects that 
will generate extra revenues to the Treasury (as well as other benefits). 

■ Direct income tax and royalty payments to the Treasury will exceed tax losses. 

• Indirect benefits will include job creation, more income to state and local 
governments and private royalty owners, and a less un&vorabte international 
balance of payments. 

“Rifle shot” incentives legislation, this year, to accelerate commercialization of CO 2 - 
EOR (as well as non-EOR storage) will reduce oil ingxnts and build infiastructure for 
long-term CO 2 storage; it wQ] be conqiatible with any cap-and-trade, safety valve, or 
other taoader legislation, addressing energy security and climate change issues; it will 
make any such Ixoader legislation less risky or costly and, therefore, easier to complete. 

The attachment specifies key ingredients of a CCS incentive and provides State-by-State 
estimates of enhanced oil production potentials. Please include this tetter and attachment 
in the printed record of your hearing. 

Best personal wishes. 

Faithfully, 

David J. Bardin 

AttachnKnt: A carbon dioxide commodity tax credit geared to the USA economy 

c: Honorable Max Baucus, Chair, Committee on Finance 

Honorable Charles E. Grassley, Ranking Member, Committee on Finance 
Honorable Craig Thomas, Ranking Member, Subcommittee 
Editorial and Document Section, Room SD-203 


’ Joint Coounittee 00 Taxatitxi Description of the "Energy Policy Tat Incentives Act of 2005 /CX-44-05 

June 14, 2005. Iillp://rinance. senale.gov/silepages/leg/leE061405a. pdf page 24-25 (Enhanced oil recovery 
o^it for carbon dioxide injectiiais). 
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A carbon dioxide commodity tax credit geared to the USA economy 


We propose a commodity tax credit of SI per thousand cubic feet of captured COi. beginning 
in 2009 (about $19 per metric tonne), for all captured CO 2 that is stored geologically - an 
inflation-adjusted, &ee-standing, fully portable credit, not subject to AMT or other reductions. 

• This incentive would reward, but not compel, industrial capture + long-term storage of CO 2 . 

• Any technology for storage in geologic formations that the Department of Energy (DOE) 
recognizes as proven - initially enhanced oil recovery (EOR) and enhanced gas recovery 
(EGR) ' — would qualify. Treasury in consultation with DOE would adopt inplementing 
regulations that certify “capture” and “storage” technologies. 

• After 2009, Treasury in consultation with DOE would advise Congress whether (a) to raise 
credit anmunt or (b) refine eligibility (e.g., minimum efficiency standards). 

• State agencies would regulate injection, using or expanding programs that unite governors of 
30 States in the Interstate Oil and Gas Congract Commission (lOGCC), a group that has 
established a carbon capture task force and works with DOE on these issues. See their 2005 

report at ''/act M-Ug QS.MS; c3rbo;:j2jj\. 


Capture of CO 2 and its long-term geologic storage (“sequestration”) - CCS - can ► reduce oil 
imports by stimulating mote EOR and ^address some climate change issues compatibly with long- 
range US interests as to job growth, coal (with which we generate most of our electricity), other 
domestic resources, and national security - during decades of energy transitions. 

^ We pay dearly for importing so much oil - partly because 2 out of 3 barrels of domestic 
crude oil are left in the ground, on the average. 

^Injecting CO 2 into suitable oil reservoirs could reap much of this stranded resource bounty 
and reduce emissions - potentially 46 billion barrels of added recoveries in 2 1 States and 
part of the federal offehore domain based on current state of the art technologies only 
(assuming $40/bbl oil prices). That’s twice today's USA proved crude oil reserves. 

But with naturally occurring CO 2 in short supply the USA needs to capture more industrial CO 2 . 

CO 2 capture technologies currently available for electric power plants are expensive and suffer from 
high energy penalties. 

• Recognizing the need to advance capture technology. Congress wisely funds research and 
development and demonstration projects to ingirove CO 2 capture and storage options. 

• We should continue and expand these RD&D effirrts in order to reduce costs and energy 
penalties so that we may exploit all domestic resources wisely. Robust RD&D protects vital 
USA interests as to national security, oil imports and the environment. 

Less costly capture techmiogies ate now available for other types of industrial plants (e.g., natural 
gas processing, cement, ammonia and fertilizer plants) that now produce 120 niillion metric tonnes 
a year of high-concentration CO 2 - with only 10 million tonnes currently injected into EOR. That 
leaves 1 1 0 million tonnes a year of “low hanging firuit” that a tax irx^ntive could help reap now. 


For the long run, planners, researchers, and business communities need assurance of a permanent 
commercialization incentive for affordable CO 2 capture so as to provide 
^a significant measure of business certainty and 

^a base for actions that Congress, States, and USA industries may take - helping support and 
make more economical the development of advanced CO 2 capture technologies such as 
industrial gasification for chemicals and fuels. 


See Inlergovemmentol Panel on Climate Change, SreciAL Retort: Carbon Capture and Sequestration. 2005 
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^ We anticipate that robust RD&D and commerciaioation tax credits would increase enhanced oil 
recovery more and more each year — so that, by 3016, we couM reach 750,000 barrels daily ^ or 
374 miUioa barrels for the year of domestic EOR production - displacing overseas imports, 
creating jobs, and generating eixtugh extra revenues for the Treasury to pay for the tax credit. 

• ItKreased revenue to the Treasury during the 2007-2016 scoring period wiU actually exceed 
estimated revenue loss if oil prices remain in the $40-50 per barrel range or higher. 

• By conventional scoring, tax revenue loss to the Treasury will be zero in 2007 and 2008, 
rising gradually thereafter, we estimate, to $1.3 billion in 2016 (when we arrticgiate 60 
millio n tonnes sequestered), for a total of $5 billion over 10 years. 

• If Congress deckles to of&et scored revenue losses, it might weigh some combination of 
foes, after 2009, on oil imports (now nmning at about 5 billion barrels a year and rising), 
liquid transportation fuels consumed (also rutming at about 5 UUion barrels a year, which is 
210 billion galfons a year, and rising), and electricity generated I 9 bumit^ fbs^ fiiels and 
delivered to the grid (about 2,600 billion kWh a year). Such foes (to recover revenue loss 
only) would be a small fiaction of one percent of retail prices of relevant commodities. 

^Benefits beyond the scoring period (i.e., after 2016) will include less unported oil, more jobs in 
the USA, more GDP, more income tax and royalty revenues to federal, state and focal governments, 
more fovorable balance of payments, and reduced national security risks. 

• “Next generation” technologies, now at the RD&D threshold, could add even tmre. 

• By 2030, commercialization incentives coupled with robust RD&D can yield 3 million 
barrels of EOR oil daily (or 1 . 1 billion barrels annually not iiqxtrted fiom overseas); and 

• 300 million metric tonnes a year of CO 2 placed in long-term, geologic storage instead of 
emission into the atnxisphere. CO 2 injected for EOR reasons has remained in the rocks’ 
pore fluids in practice; called “incidental storage” it builds a foundation for broader CCS. 

• Aivd we will further advance technologies for clean use of abundant resources such as coal. 
Follow-up legislation and/or contract arrangements could address issues of responsibility and 
ownership after injection into a geologic formation has ended (as well as harmonizing provisions of 
federal arid state statutes in respect to future technologies for non-EOR, non-EOR storage). 

^Congress can achieve such win-win-win results hy enacting a commodity tax credit alone. 

If Congress adds a cap-and-trade or other measure aimed at carbon emissions on top of a tax credit, 
such added measures would cost American consumers less arxl carry less risk of shifting American 
jobs overseas because an underlying commodity tax credit would shoulder part of the burden. 

Issues Congress must decide: 

►whether to award the portable tax credits initiaily to the capturing entities (electric utilitfos, rural 
coops, chemical plants, hydrogen plants, cement plants, etc.) or to the storing entities; 

►whether tax, royalty revenues fiom increased EOR production vrill fund early (“scoring”) years; 
►whether to diflforentiate COj being shipped to existing Canadian or USA EOR projects. 

David J. Bardin ’ 

idb ardin i/aoLco':' 

+1202 966 7678 


^ Today’s EOR prxxluction is about 250,000 barrels daily (about 5 percent of domestic production). 

’ Retired membw, Arait Fox LLP. Administrator, Econooiic Regulatory Administration of US. DOE (1977-79). 
Deputy Administrator, Federal Energy Administration (1977). Commissirmer, NJ Departm^t of Environmental 
Protection (1974-77), 
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Potentials for Enhanced Oil Recovery from the Major Oil Reservoirs in 22 States » 
Adding Economically Recoverable Resoarces by Using Today's State-of-the-Art 
(a) Original Ot! in Place (OOIP) in major oil reservoirs amenable to CO^-EOR, (b) Oil bdng stranded witti curroit 
practices, (c) P<rtential for incremeotal oil by wi(tespread use of current state of the art CO^-EOR assuming ample 
supplies and hw costs of CO 2 , oil pri<xs of $40/^)l, and a 15% rate of i^um fawdle. 



w 

ta 

(c) 1 1 (d) 


OOIP 

“Endowment” 

Oil stranded if no 
extra CO 2 -EOR 

Added oil with State-of-the- 
Art CO 2 -EOR 

State 

Resources 

Millitms/bbls 

Resources 

MiUtonsA)Us 

%of 

OOIP 

R^ources 

Miliitms^Is 


Ihtxiuction 

Bbls/year* 

Alabama 

800 

300 

37 . 5 % 

no 


2,750,000 

Alaska; North Slope 

62,200 

41,900 

67% 

7,600 




3,100 

1,800 


140 


3.500,000 

1 Arkansas 

4,000 

2,800 

■Ml 

230 


5,750.000 


39,500 

liTliTiBi 

mm 

1,780 


44,500,000 


22,900 


Wklfim 

1,370 


34,250,000 


12,400 


HiS 

830 


20,750,000 

Colorado 


I 2,100 

mmm 

580 


14,500,000 

Florida 

1,300 



30 


750,000 




■atai 

460 


11,500,000 




■ritM 

50 


1,250,000 

Kansas 



If 

1,220 


30,500,000 

Kentucky 


HKIiliHi 

HH 

40 


1,000,000 

Lemistana ooshore 


9,400 


1,520 


38,000,000 

Louisiana offshore: State 
waters 



Hgj 


1 

5,000,000 

Louisiana offshore: 
shaflow federal waters ** 


imgiiii 

miiii 


1 

85,000,000 

Michigan 





■ 

2,000,000 

Mississippi 


■[QBi 

111^9 

230 


5,750,000 

Montana 



row 

no 


2,750,000 

Nebraska 

800 

HBiBH 

giHRai 

40 


1,000,000 

New Mexico: Permian Basin 

13,100 

9,200 




26,000,000 

North Dakota 



■EB 

390 


9,750,000 

Oklahoma 

36,800 

27,500 

K^j 

4,740 


118,500000 

StHith Dakota 

100 

30 

- 

0 


0 

T^tas: Pomian Basin 

57,100 

36,100 

63% 

9,720 


243,000,000 

Texas; Caitral 

24,700 

19,000 

77% 

1,330 


33,250,000 

Texas: East 

20,000 

11,900 

59.5% 

3,480 


87,000,000 

Texas: Gulf Coast 

23,000 

13,900 

60% 

3,750 


93,750,000 

Utah 

4,100 

2.900 

71% 

740 


18,500,000 

Wyoming 

15,200 

10,400 

68% 

1,112 


27,800,000 

KXjCC mmnbca' States not 
assessed: Arizona, Ohio, 
Maryland, Nevada, New York, 
Pennsylvania, Virginia, 

West Virginia *• 








“Bbis/year” entries assume all EOR resources wilt be produced ov^ the same 40 years in equal anM>unts (without build up). 
DOE tuoding for assessments did not cover federal deqr offihore or the ei^t o(^ Interstate Oil anl Omipar^ 
Commission (lOGCC) member States. 


Source: Dqwtment of Energy, Office of Fossil Energy, Ten Basin Assessments Prepared by Advanced Resources International 
(2005, 2006), Scenario #4 OiLUll .'!:'. h jncHW d > H _ JJ - except 

that col. (d), ‘^Bbls/year” production = coi. (c) / 40, as noted above, calculated for rough, illustrative {Xirpoaes. 
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iCLEAN AIR TASK FORCE 



18 Tremont Street, Suite 530 
Boston, MA 02108 
Tel. 617-624-0234 


www.catf.us 


Comments by The Clean Air Task Force (CATF) 

Submitted to the Subcommittee on Energy, Natural Resources, and Infrastructure 
of the Senate Committee on Finance 

April 26, 2007 Hearing on Coal: A Clean Future 


Introduction 

Founded in 1996, CATF is the only major national environmental advocacy organization 
with an exclusive focus on protecting the Earth’s atmosphere and human health from air 
pollution and climate change. This singular focus enables CATF to field deep analytic 
and strategic resources equal to the significant and complicated atmospheric challenges 
we face over the next fifty years. 

Over the past several years, one of CATF’s major activities has been to work with state 
and regional environmental groups, state governments and private project developers in 
several parts of the country to facilitate early domestic deployment of coal gasification 
technology - with carbon capture and geologic sequestration (storage) where currently 
feasible. We have briefed numerous Congressional offices - accompanied by state 
environmental partners - about the promise of coal gasification technology. Another 
related CATF focus has been exploring how to remove barriers to promising advanced 
coal gasification and carbon capture technologies that have not yet entered the market. 
This “hands on” project facilitation and market entry work provides us with a useful 
perspective on what is happening on the ground in today’s marketplace. 

In these comments, we will briefly restate the importance of moving forward radically 
cleaner coal technology than is deployed today; highlight current market developments 
on the ground which the subcommittee may not be aware of; and, finally, discuss key 
challenges to radically cleaner technology, and what the federal government might do to 
help tackle those challenges. 

I. The Current and Projected Environmental “Footprint” of Coal 

Coal-fired power generation is today one of the planet’s most environmentally 
destructive activities. It is responsible for most of the nation’s sulfur dioxide emissions 
that, even after recent regulatory reductions, will still take 15,000 lives prematurely in the 
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US each year by EPA’s own estimate. It contributes substantially to nitrogen oxides, 
which add to smog, haze, and crop and ecological damage. It emits most of the nation’s 
manmade mercury air pollution. Current coal mining practices have scarred land and 
threatened water and habitat. Coal power generation consumes and discharges enormous 
quantities of water, while generating nearly 100 million tons of toxic wastes each year, 
the disposal of which is not regulated by the federal government. Finally, coal power 
generation is responsible for nearly 40% of the planet’s man-made emissions of carbon 
dioxide that contribute to global warming. 

Despite these problems, coal fired power generation is likely to be relied on for decades 
to come and is projected to expand dramatically. World electric demand is expected to 
triple by 2050, coming largely from developing countries like China and India. Most 
analyses agree that this underlying demand growth will substantially outpace even the 
most aggressive energy efficiency policies. Renewable energy, while it should and will 
be widely deployed, faces significant physical, environmental and economic challenges 
that will practically limit its share of total electrical supply for several decades. Natural 
gas is relatively expensive and its reserves are far more limited than coal. Finally, nuclear 
power faces considerable hurdles of scale, economics and environmental opposition. For 
these reasons among others, China is building as much new coal capacity each year as the 
entire UK power grid and coal power generation in India is projected to grow rapidly - 
matching current US coal consumption by 2020 and China’s current coal consumption by 
about 2030. The United States faces both growing demand for electricity and an aging 
power plant fleet; coal will remain economically attractive to meet some portion of 
electricity demand growth and to replace some existing power plants. 

Turning to climate, numerous analyses performed or commissioned by such bodies as the 
Intergovernmental Panel on Climate Change, the European Union, the National 
Commission on Energy Policy, academic institutions such as Harvard, MIT, and 
Princeton University as well as environmental organizations such as Friends of the Earth- 
UK have concluded that, even with aggressive energy efficiency, renewable energy 
development and in some cases nuclear expansion, coal fired power generation is likely 
to remain a significant part of any 2030-2050 global power supply. Accordingly, each of 
these studies has identified the critical importance of transitioning coal use to 
technologies that minimize health-related air emissions and allow for the removal and 
storage of carbon dioxide, and to begin to demonstrate and scale up those technologies on 
a commercial basis as soon as possible. 

In short, the planet is unlikely to be able to live without coal for some time to come. But, 
at the same time, the planet, from an environmental standpoint, can’t stand to live with 
coal as it is currently used to produce electricity. This leaves only one path forward; we 
need to change how we use it - and we need to do so as quickly as possible. 

n. What Is to Be Done? 


An environmentally responsible coal policy would do the following: 
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•/ Ban the construction of new coal combustion plants due to their inherently 
unacceptable air, water, solid waste and climate impacts, 

V Rapidly commercialize the use of integrated coal gasification combined cycle 
(IGCC) for electric power generation, because it has a much smaller 
environmental footprint for air emissions and waste than does coal 
combustion. 

V Rapidly demonstrate the feasibility of large-scale geologic storage of carbon 
dioxide and then require all new coal power plants to capture and sequester at 
least 90% of their coal carbon content. 

V Demonstrate and deploy advancements such as underground coal gasification, 
that could further shrink IGCC’s environmental footprint by substantially 
minimizing mining impacts and waste management 

•/ Reform coal mining practices worldwide, impose effective federal regulation 
of coal plant solid waste disposal and reduce coal generation water use and 
associated impacts to the minimum practical levels. 

V Increase the energy efficiency of IGCC power generation to the maximum 
practical levels over time. 

•/ Establish effective carbon dioxide emissions controls. 

Commercializing IGCC is of special importance. Because it is an inherently cleaner 
process - the gas it produces from coal must be free of most contaminants to power a gas 
turbine - IGCC reduces deadly sulfur and nitrogen oxide emissions to very low levels - 
approaching those achievable by natural gas combined cycle power plants. Gasification is 
the only coal power generation technology that can virtually eliminate mercury air 
emissions and capture most of the coal mercury content in a concentrated form that can 
potentially be sequestered from environmental release; IGCC is the only way we can 
continue to use coal to produce power without adding significantly to the global mercury 
burden. Total solid waste from gasification is typically half the volume generated by 
conventional coal plants and gasification water use is substantially lower as well. 

Underground coal gasification (UCG), a promising further advancement in IGCC would 
gasify the coal directly within the deep, unmineable coal seams. This process can 
potentially eliminate the environmental impacts of current coal mining and transportation 
practices, as well as significantly reduce the challenges of coal waste management. 

Finally, IGCC is the key enabling technology for capture and storage of carbon dioxide 
from coal power generation and will be essential to meeting any reasonable climate 
stabilization target. While it is possible to retrofit a coal combustion plant with carbon 
capture technology, it is expensive and inefficient to do so today, costing twice as much 
for plants using bituminous coal as capituring carbon from an IGCC plant and reducing 
plant efficiency by as much as 40%. While development of more cost-effective coal- 
combustion carbon capture alternatives is important, current efforts are very early in the 
technology development stage, and it is unclear whether and when cost-effectiveness will 
be fully demonstrated for this technology. If we are to turn the world coal tide to a near- 
zero carbon footprint in the next 20 years, IGCC power generation is likely to be the 
most availing path forward based on current information. 
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m. Recent Market Developments 

The good news about cleaner coal power and carbon capture is the many recent coal 
gasification market developments, nearly all of which are too new to be reflected in 
academic studies and many of which are being conducted by companies not well 
represented by Washington trade groups or research organizations. When we “look out 
the window” at these market developments, we see a substantially different situation than 
is typically presented in available studies or by traditional institutions. 

Key highlights include the areas listed below. It should be noted that the coal gasification 
market developments described below do not reflect a complete survey of recent 
developments, but rather are intended to illustrate the contrast between the relatively 
static and out-of-date study characterizations of coal gasification technology with today’s 
rapid pace of market development. 

Emergence of new “full system ” IGCC vendors 

Prior to last summer, GE was the sole “full systems” IGCC vendor capable of offering all 
major IGCC components (that is, gasifier, combustion turbines and steam turbines) in a 
single package. Since that time, Siemens and Mitsubishi have developed full system 
commercial IGGC offerings, significantly expanding vendor choice for potential IGCC 
project developers. Siemens emerged as a full systems vendor last summer when the 
company acquired the Future Energy gasifier. NRG’s recent selection of Mitsubishi as 
the technology supplier for their proposed domestic IGCC plants introduced the entry of 
Mitsubishi as a full systems vendor. 

Emergence of new coal gasifiers 

Up until last summer, there were only three serious commercial coal gasifier offerings: 
the GE (Texaco technology), ConocoPhillips (E-Gas technology) and Shell gasifiers. 
These gasifiers have different characteristics that affect their suitability for various coal 
types, with Shell appearing most suited to low-rank coals (sub-bituminous and lignite). 
These gasifiers are also estimated to vary significantly in cost. Nearly all IGCC studies 
and academic literature have been restricted to analysis of these gasifiers. 

Several additional coal gasifiers have moved into the marketplace over the past year: 

■ The Future Energy gasifier, developed in the former East Germany and recently 
acquired by Siemens, should be well suited to low rank coals and shows promise of 
being quite economically competitive. 

■ The British Gas Lurgi (BGL) gasifier is an evolution of the Lurgi gasifiers used 
extensively in South Africa and at the Dakota Gasification plant in the US. This 
gasifier should also be well suited to low-rank coals. 
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■ The Mitsubishi gasifier is partially oxygen blown, should also be well suited to low- 
rank coals and shows promise of being quite economically competitive. 

As all three of these gasifiers are well suited to low-rank coals, they provide a much more 
competitive set of market offerings for projects using these coals and should reduce pre- 
inflation low-rank coal IGCC project costs. This point is particularly important as some 
critics have suggested that some conventional gasifiers are not well-suited to low rank 
coals may not be an economic path for low-rank coal use. 

"Next Generation " IGCC plant development 

At least four “next-generation” IGCC projects are moving forward in the US, in addition 
to the “hybrid” coal gasification plants described below. These projects are AEP’s Meigs 
plant in Ohio and Mountaineer plant in West Virginia, Duke Energy’s Edwardsport plant 
in Indiana and BP’s Carson Refinery Hydrogen project in California. 

These projects all use the most advanced available combustion turbine (for example, 

GE’s 7FB) and are a major “scale-up” from the several IGCC plants built at refineries in 
Europe about five years ago and are much larger than the two early demonstration plants 
built in the US (Wabash Station in Indiana and Polk Station in Florida) about a decade 
ago. These projects will typically have about 600 MW of generating capacity. The BP 
Carson project will use petroleum coke (a coal-like refinery waste product) and will 
include 90% carbon capture, which reduces plant output to about 500 MW. The BP 
Carson project will be the first commercial project in the US to include and demonstrate 
“full” carbon capture. 

Several additional “next-generation” plants may also be moving forward, but at a slower 
pace, including additional AEP-proposed plants in Kentucky and NRG’s proposed 
Huntley plant in New York State. 

These “next generation” plants are important for several reasons, including lower 
inflation adjusted costs and higher operating efficiencies. They also are driving 
significant detailed engineering design work, including in the case of Duke and AEP 
serious engineering analysis of options for adding carbon capture to these plants at some 
future time and provisions that can economically be built into the initial plant to facilitate 
carbon capture retrofit. The good news is that this very significant amount of engineering 
work will provide much more detail than is currently available on next generation costs, 
performance and carbon capture retrofit feasibility. The bad news is that this information 
remains proprietary and is not yet available in open literature. 

“Hybrid” Projects 

Some independent IGCC project developers like the ERORA Group and Summit Power 
are developing coal gasification projects that produce both electric power and substitute 
natural gas, typically allocating about 50% of the project coal syngas to each of these 
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products. The ERORA group is developing projects in Illinois (Taylorville) and 
Kentucky (Cash Creek) and Summit Power is developing projects in Oregon and Texas. 

These developers are pursing “hybrid” projects because they have economic advantages 
over next-generation “power only” IGCC plants, including reduced overall project cost, 
high availability - particularly in projects using several of the new Siemens gasifiers and 
attractive overall project economics for power generating companies that have existing 
natural gas power plants by allowing them to have coal based fuel pricing for both their 
new coal generation and some portion of their existing natural gas generation. 

Some of these projects are close to final permitting and full financing. Several projects 
plan to include some carbon capture and will initially use the captured carbon for 
enhanced oil recovery (EOR). At least one project is exploring full carbon capture and 
sequestration. In many respects these projects reflect efforts by project developers to 
overcome current economic barriers to stand-alone IGCC plants. 

Advanced Coat Gasifiers 

Several innovative coal gasification technologies are conducting process demonstrations 
and could be commercially available within the next two years. Two examples among 
several such systems being developed include Great Point Energy’s catalytic coal gasifier 
(a technology originally explored in the 1970’s) and Texas Syngas’ molten metal bath 
gasifier. Both technologies can potentially be produced modularly in a factory and both 
appear to have potential to reduce gasification costs compared with traditional gasifier 
designs. 

Underground Coal Gasification 

Underground coal gasification (“UCG”) is just beginning to be recognized as a potential 
option for utilizing coal. UCG is a gasification process conducted in deep coal seams. 
Injection and production wells are drilled into the coal seam and are then linked 
together. Once linked, air and/or oxygen is injected and the coal is ignited in a controlled 
manner to produce hot, combustible coal syngas that is captured by the production wells, 
brought to the surface and cleaned for power generation and/or production of liquid 
hydrocarbon fuels or substitute natural gas. This technology has been used at a minor 
level since the early 1900’s and DOE conducted many pilot UCG projects in the 1970’s. 

A successful modem pilot project was conducted about six years ago in Chinchilla, 
Australia by the Ergo Exergy Technologies, Inc. and the first modem commercial UCG 
electric power production project started up this January in Mpumalanga, South Africa. 
We also understand that two commercial UCG projects producing hydrogen for chemical 
plants have been developed in China. The GasTech Company is developing the first 
North American pilot UCG project in Wyoming. The initial GasTech project will be 
conducted in the Powder River basin and will use a coal seam 950 feet deep. Current 
estimates are that the pre-clean-up syngas will be produced for about $1.90/mmbtu (as 
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compared with current US gas forward prices of about $8.00/mmbtu for the next several 
years). 

UCG technology is potentially quite significant for several reasons; 

1 . It can avoid most of the adverse environmental impacts associated with coal 
mining and transportation; 

2. It leaves coal residuals (ash and some other constituents) underground; 

3. It can potentially reduce coal gasification costs - perhaps significantly ; and 

4. It can open up large amounts of deep coal reserves that are currently not economic 
to mine. Lawrence Livermore National Laboratory (LLNL) estimates that UCG 
could potentially triple domestic economic coal reserves. 

5. Carbon capture costs may be somewhat lower than with above-ground 
gasification and a significant fraction of captured carbon can potentially be stored 
in the underground gasification cavities created by a UCG project. 

Once this technology emerges from the pilot/demonstration stage, which will be 
necessary to clarify technology costs, it may be deployed rapidly if it proves to be more 
economic than conventional pulverized coal plants or advanced above-ground 
gasification system IGCC’s. LLNL has recently produced a summary of current UCG 
knowledge that is available at httDs://eed.llnl.gov/co2/l l.php . 

IV. A Key Technology Gap 

Developing a practical and very-low cost method of capturing carbon dioxide from 
existing power plant flue gases would be an enormous boost to global efforts to reduce 
carbon dioxide emissions and may be the only practical opportunity to significantly 
reduce future carbon dioxide emissions from the rapidly developing coal power plant 
“fleet” in China and India. Current technologies that can accomplish this task are too 
expensive and consume far too much energy to be practical to apply broadly throughout 
the world. While current research in this area is focused primarily on what are essentially 
incremental improvements in existing technology systems, a “break through” technology 
is needed. Potential “high-risk/high-reward” breakthrough technologies, like structured 
fluids, have been identified (in this case by MIT researchers) but there appear to be no 
relevant sources of Federal support for such research. 

V. Challenges to Advanced Technology Deployment 

Several problems are constraining rapid deployment of advanced coal gasification 
technologies and associated carbon capture, including the recent substantial increase in 
large energy project costs; the lack of an economic incentive to build IGCC projects with 
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full carbon capture today; and Federal advanced coal research, development and 
deployment programs that are not adequately fimded or sufficiently broad. 

Recent large energy-project cost inflation 

For several reasons, including massive infrastructure development in China and very 
large investments in Persian Gulf oil and gas projects, the construction cost of large 
energy projects has significantly increased over the past two-to-three years. In some 
cases, this cost inflation may have doubled project costs - including some domestic 
proposed coal plants. While it is not clear how long costs will continue to rise or for how 
long they will remain inflated, it does not appear that this cost-inflation period will be 
short. 

The current cost-inflation environment will also affect the economics of carbon capture 
and sequestration for new coal projects, raising the estimated costs from roughly 1.5 
cents/kWh to about 2.5 cents/kWh, This suggests that if this cost environment prevails, 
carbon capture will begin to be economic at a carbon emissions price of about $40 per ton 
of C02, at least initially. 

No economic incentive to build new coal plants with full carbon capture today 

While the technology exists to develop new coal IGCC plants with full carbon capture 
and sequestration today, as is being demonstrated by BP’s Carson project, there is no 
economic basis to do so except possibly in the very few cases (like BP’s Carson project) 
where all captured carbon can be used for enhanced oil recovery. This disincentive to 
adding CCS to new coal plants will continue until captured and sequestered carbon is 
worth roughly $40/ton of carbon dioxide. 

Limitations of Federal Advanced Coal Research. Development and Demonstration 
Programs 

We have not conducted a serious review of the relevant Federal “clean coal” research, 
development and demonstration programs, but we have observed several “disconnects” 
between such programs and both promising market activity and needed “breakthrough” 
technology. We note that all EPACT financial support for new IGCC projects has been 
awarded to next-generation commercial IGCC projects, which in nearly all cases are 
being proposed by large investor-owned utilities. In contrast, no innovative “hybrid” 
IGCC/SNG projects being developed by independent project development companies 
were awarded financial support. We also note that none of the promising advanced coal 
gasifiers being developed that we are aware of are receiving significant DOE support nor 
are these advanced gasifier concepts listed in the various technology evolution “road 
maps” developed by DOE and others. And as we noted above, no Federal programs exist 
today that would provide financial support for new IGCC project developers seeking to 
include full carbon capture and sequestration in their projects. 
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MIT’s Future of Coal Study reviewed current DOE clean coal research, development and 
demonstration programs and outlines one approach to expanding and better targeting 
these programs. We see MIT’s proposals as a good starting point for discussion, hut 
believe they would not be sufficient to address all research, development and 
demonstration gaps or “disconnects” we have observed. 

VI. What can the Federal Government Do to Accelerate Deployment of Needed 
Technology? 

Several Federal actions could accelerate development and deployment of the advanced 
coal technology needed to address climate change and dramatically reduce coal’s 
environmental impacts: 

1 . Establish a production tax credit or some other form of equivalent financial 
incentives for new coal power plants with full carbon capture and sequestration. 
These incentives would be in effect until a national carbon emissions reduction 
program has been established that creates a carbon emissions allowance price 
sufficient to offset carbon capture and sequestration costs. At current energy 
project pieces, such a production tax credit would likely need to be at least 2.5 
cents per kWh. 

2. Establish a carbon emissions performance standard at some future date for new 
fossil power plants that would require significant carbon capture and sequestration 
for new coal power plants. 

3. Establish effective carbon emissions controls. And, 

4. Significantly expand and broaden DOE’s advanced coal research development 
and demonstration programs. 

The recent MIT Future of Coal Study outlines one approach for expanding DOE’s 
advanced coal programs and suggests that such programs need to be funded at levels 
as high as $800-$900 million per year. Beyond MIT’s recommendations, it would be 
useful to review current research and market activity in this field to identify 
promising technologies that are slipping through the cracks in current DOE programs 
to help develop more effective programs. It is also critically important that 
appropriate support be establish for developing “breakthrough” technology in critical 
areas like practical, low cost carbon capture at existing power plants. 

In summary, we believe that the technology we need to transition coal use to much more 
environmentally sustainable systems could be either deployed or developed promptly if 
effective Federal advanced coal technology policies were implemented. 
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